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ABBREVIATIONS 

AFP = A,pha-,e.op.o.cin ^ '*??^JS«(?fS^^7rar 

ALL = Acute lymphocytic leukemia ^ W ■ ' Lt 7 ^ U.S. CODE) 

ARA-C = Cytosine-l-beta-D-arabinoside 

BSA = Bovine serum albumin Payment has been made to the 

CALL A = Common acute lymphoblastic leukemia antigen Copyright Clearance Center for this article. 

CEA = Carcinoembryonic antigen 
CLL = Chronic lymphocytic leukemia 
CPK = Creatine kinase 
DHFR = Dihydrofolate reductase 
DTT = Dithiothreitol 

ECDI = l-Ethyl-3-(3'-dimethylaminopropyl)carbodiimide 

EOF = Epidermal growth factor 

FUR = 5'-Fluorouridine 

hCG = Human chorionic gonadotropin 

hPL = Placental lactogen (chorionic somatomammotropin) 

HSA = Human serum albumin 

HTLV = Human T-cell leukemia virus 

Iso = Concentration giving 50% inhibition 

Ig == Immunoglobulin 

LH = Luteinizing hormone 

MAA = Melanoma-associated antigen 

MAB = Monoclonal antibody 

MTX = Methotrexate 

NHS = N-hydroxysuccinimide 

PAGE = Polyacrylamide gel electrophoresis 

PAP = Prostatic acid phosphatase 

PBS = 0.01 M Sodium phosphate, containing 0.145 M sodium chloride 
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PDT = Pyridyldithio 
pGA = Polyglutamic acid 
PP5 == Placental protein 5 
SDS = Sodium dodecylsulfate 

SMBE == N-succinimidyl m-(N-maleimido)-benzoate 

SMBU = N-succinimidyl m-(N-maieimido)-butyrate 

SPDP = N-succinimidyl-3-(2-pyridyldithio)-propionate 

SPI = Pregnancy-specific glycoprotein 

TAA = Tumor-associated antigen 

TATA = Tumor-associated transplantation antigen 

TLC = Thin-layer chromatography 

L INTRODUCTION 

In spite of remarkable advances in cancer chemotherapy, most chemotherapeutic 
agents and ionizing radiations currently in use have a low therapeutic index/ i.e., they 
damage all proliferating cells without discriminating between neoplastic and normal 
tissues, including such vital tissues as bone marrow, lymphoid tissue, gastrointestinal 
and genitourinary epithelium, etc.^ The search for methods of rendering agents tumor 
specific has led to the experimental use of a wide array of carriers with various degrees 
of tumor-specificity.^ * Nonspecific carriers include cells, liposomes, and polymeric 
drug formations.^ '* 

If cancer cells have distinctive molecules on their surface and they are accessible, 
then one can use specific ligands to carry cytotoxic agents selectively to the target 
tumor, e.g., hormones,*"^ transferrin,® lipoproteins,' lectins,*^ '* and antibodies.*^ The 
availability of MAB against a wide variety of TAA has now led to the accumulation of 
a substantial body of evidence in support of antibody-mediated drug targeting. Ghose 
and Blair evaluated the status and prospects for treatment of cancer in 1978'^ and later 
updated this, emphasizing their own experience in the field. V^ ** They have outlined 
methods that are useful in evaluating the antitumor activity of drug-antibody conju- 
gates in vitro and in clinically relevant in vivo tumor models.*^ They have also reviewed 
the evidence for the localization of both polyclonal and monoclonal anti-TAA anti- 
bodies in target tumors in vivo and the feasibility of using labeled antibodies for the 
detection and possible therapy of cancer.****^ The pioneering studies of Landsteiner on 
the linkage of small haptenic moieties to carrier proteins and the wide application of 
this approach in the production of antibodies for radioimmunoassay have made avail- 
able novel and milder methods of linkage of chemotherapeutic agents and toxins to Ig. 
Ghose and co-workers have outlined the strategy of linkage and have described those 
methods that have been used or are potentially useful for the production of biologically 
active Ig-linked anticancer agents.*^-*'*'*® 

This review will be confined to antibody-mediated drug and toxin delivery systems 
as applied to cancer therapy. The evidence for and against the basic tenets of this 
approach will be evaluated. That is, are there antigenic moieties on tumor cells that 
can be therapeutically exploited? Do antibodies against these antigens selectively local- 
ize in target tumors in vivo? Can antibodies transport an active cytotoxic agent to the 
site of action of the agent, especially when such sites are intracellular? Liposomes will 
be dealt with only when they have been coated with an anti-TAA antibody to target 
packaged drugs. The widespread (but still experimental) use of antibody-linked radio- 
nuclides for tumor detection will not be considered. A compilation of selected abstracts 
on tumor localization of radiolabeled antibodies is available.*' 
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II. TUMOR MARKERS AND TUMOR-ASSOCIATED ANTIGENS AS 
TARGETS FOR ANTIBODY-MEDIATED DELIVERY OF CYTOTOXIC 

AGENTS 

There is evidence that chemically or virus-induced experimental tumors may acquire 
antigenic moieties that are not demonstrable in normal homologous tissues. ^^-^^ TATA 
induced by chemicals such as methylcholanthrene are highly immunogenic, stable, and 
heritable in a given tumor line. However, an important feature is their polymorph- 
ism.^^ For example, each methylcholanthrene-induced tumor appears to express a dis- 
tinctive TATA, even when they are at different sites in the same animal. In certain 
cases, individual clones of cells from the same tumor have been found to express one 
or more distinct non-cross-reacting TATA." ^ 

A given tumor cell may express more than one TATA. However, recent results^'* 
suggest that at least some of the TATA cross-react among different tumors and the 
number of different TATA is probably not large. In the context of the present review, 
an interesting feature of the TATA of chemically induced mouse (but not of rat) tu- 
mors is their inability to induce a humoral response in the host. However, such TATA 
of mice (and other species) may elicit an antibody response in a foreign species and 
thus provide polyclonal antibodies and MAB for targeting. The TATA of chemically 
induced rodent tumors differ from oncogenic virus-induced TATA in that tumors in- 
duced by the same or closely related viruses share a common TATA. 

Distinctive antigenic moieties like the TATA of chemically induced rodent tumors 
have not been found on human tumor cells. In the context of antigenicity, Weiss^^ has 
described two categories of ''spontaneous" human tumors (i.e., tumors that arise with- 
out experimental manipulation irrespective of their etiological factors), namely those 
that arise in (1) severely immunosuppressed individuals and (2) immunocompetent in- 
dividuals. Tumors induced by oncogenic viruses predominate in the first group. A 
variety of inciting agents, e.g., cigarette smoke, ultraviolet (UV) irradiation, asbestos, 
and probably some viruses as well, may be implicated in the second group of tumors. 
Virus-induced tumor formation and its progression may involve the activation of one 
or a series of oncogenes leading to either amplified synthesis of a normal product or 
the expression of an altered product which may be immunogenic."'^' 

In addition to the very small number of human tumors of possible viral etiology 
(e.g., Burkitt's lymphoma, nasopharyngeal carcinoma, and T-cell leukemia) in which 
various virus-associated antigens have been detected in the transformed cells," there is 
also evidence that many human tumors synthesize substances that are either absent 
from or are produced in extremely limited amounts by the homologous normal tissue. 
These substances are termed tumor markers or TAA when they either provoke or serve 
as targets of immunologic reactivity. (In the present context, antibody response is more 
important than cell-mediated immunity.) Many human TAA are associated with retro- 
differentiation and are the products of reexpressed fetal genes, i.e., the so-called on- 
cofetal antigens. Some, such as CEA and AFP, may be present in normal serum and 
tissues in minute amounts. However, a variety of conditions, e.g., hyperplasia, may 
substantially increase the production of these or cross-reacting antigens. Furthermore, 
with the availability of panels of MAB directed against different epitopes of a given 
TAA, cross-reactivity of many TAA with normal cellular components has been ob- 
served (see later). There may also be aberrant expression of various differentiation 
genes in cells during neoplastic transformation. For example, many human tumors 
may secrete one or another polypeptide hormone even though the homologous normal 
tissues might not. Neoplasms that secrete a hormone, aberrantly or otherwise, can be 
excellent targets of agents linked to antibodies against that hormone, provided that the 
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possible loss of the hormone-producing normal cells can be compensated for by appro- 
priate replacement therapy. 

In the same way, antibodies against other normal tissue antigens (indigenous or aber- 
rant) that are expressed in a tumor cell population can be used for targeting cytotoxic 
agents if the normal cell population expressing the antigen is not vital for survival. For 
example, prostate-specific acid phosphatase, if secreted by a prostatic carcinoma, can 
be a useful target provided that the antibody against it does not cross-react with the 
acid phosphatase in such vital tissues as renal tubular epithelium. Casein and lactal- 
bumin, normally synthesized by mammary epithelium during pregnancy, can be aber- 
rantly expressed in mammary carcinomas and can thus be useful targets. B-cell lym- 
phoma/leukemias are usually monoclonal and therefore express Ig of a particular 
idiotype. Antibodies directed against the idiotype of the Ig associated with such mon- 
oclonal B-cell neoplasms are uniquely specific and have been used for drug-targeting 
and/or serotherapy of experimental and human tumors." Altered activity of one or 
more glycosyl transferases observed in transformed cells can lead to the incorporation 
of aberrant sugar residues into cell surface-associated glycolipids or glycoproteins and 
thus change the antigenic profile of tumor cell surface components. Finally, the alloan- 
tigen(s) in choriocarcinomas (which are of fetal origin) may be regarded as a TAA. 

Since the introduction of hybridoma technology, ever-increasing numbers of reports 
are appearing on the production of ''specific" MAB against human tumors. The tumor 
specificity of most remains to be conclusively established. In the usual practice for 
characterization, the product of a given MAB-producing clone is screened against tar- 
get tumor cells and a panel of normal tissues. Such screening procedures usually fail to 
detect antigen(s) in minor normal cell populations (especially when not easily accessi- 
ble) and normal antigens that are expressed only at a certain stage of differentiation or 
a certain phase of the cell cycle. For example, MAB-defined Ca-1 antigen, once thought 
to be specific for human epithelial maUgnancies, has now been found in a number of 
normal tissues (see later). In the following section, those human TAA that have poten- 
tial for use in antibody-mediated drug-targeting will be discussed. 

A. Pan-Cancer Antigen(s) 

An antigen that is present in all or most malignant tumors, irrespective of their 
histogenesis and status of differentiation, will be of great help in the diagnosis and 
treatment of cancer. Extensive efforts have been made to obtain and characterize such 
pan-cancer antigens; however, few have withstood careful scrutiny of the claimed spec- 
ificity. For example, the polypeptide antigen(s) claimed to be present in different types 
of carcinomas^** has been found in many normal tissues, especially in non-keratinizing 
epithelium and mesothelium and in normal serum. The MAB-Ca-1 -defined antigen 
designated by Ashall et al.^^ as Ca was claimed to be expressed by the majority of 
malignant tumors and only in the normal epithelial lining of fallopian tubes and blad- 
der. However, subsequent studies have revealed reactivity of the Ca-1 MAB with a 
variety of normal tissues (for example, see Woodhouse et al.^^). Ca 19-9, another 
MAB-defined antigen claimed to be a marker of several different types of cancer (e.g., 
colorectal, gastric, and pancreatic carcinomas), has been demonstrated to be chemi- 
cally identical with the sialylated Lewis a" determinant of a monoganglioside and a 
mucin. It has been found in large amounts in the seminal plasma of healthy donors.^* 
Very small amounts of a malignancy-associated sialylated glycoprotein were isolated 
by Bolmer and Davidson^^ from the perchloric acid-soluble fraction of serum from 
patients with various types, of cancer. This ''cancer glycoprotein'* had a high affinity 
for wheat germ agglutinin and Ricinus commun/s agglutinin. It was claimed to be shed 
from tumor cell surfaces, to be not one of the major acute phase reactant glycoproteins 
associated with malignancy, and distinguishable from CEA and AFP by its molecular 
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weight and chromatographic behavior. However, whether this glycoprotein is indeed 
present on the cancer cell surface and its tumor specificity remain to be ascertained. 
Oncomodulin is a parvalbumin-like calcium-binding protein found in 85% of rodent 
and human tumors tested but is not detectable in normal adult tissues and therefore has 
potential as a tumor marker.^® Methods for immunocytochemical detection^® and 
RIA^' of oncomodulin have been developed. These may be of help in studying its 
expression in various human tumors and normal tissues. Malignin and other cancer 
recognins are low molecular weight polypeptides which are produced by a wide variety 
of tumors. It has been suggested that malignin may be a general transformation protein 
and may thus be a useful pan-cancer antigen. It is antigenic and induces the production 
of a specific antibody in the tumor host. An MAB against malignin has also been 
produced/^ but its tumor specificity and diagnostic and therapeutic usefulness need 
further investigation. 

Thus, the tumor specificity of most of the pan-cancer antigens is open to question. 
However, it should be pointed out that most of the anti-tumor MAB usually react with 
more than one and sometimes a large number of different histological types of tumors. 
For example, MAB produced against a 48-kdalton peptide antigen of ovarian cancer 
reacted with 9097o of ovarian cancer and 60% of other human tumors, both benign and 
malignant, but not with any normal adult tissue."' 

B. Glycoconjugates in Cancer Cells 

Many of the behavioral characteristics of cancer cells, i.e., decreased adhesiveness, 
loss of contact inhibition, invasiveness, increased growth, and immortalization, may 
be attributed to changes in cell surface components, especially carbohydrates/^"** Dif- 
ferences in monosaccharide content and linkage, sequence, branching, and configura- 
tion in cell surface-bound carbohydrates have been observed in a wide variety of ex- 
perimental and human tumors compared to their normal tissue of origin and may offer 
one basis for the multitude of TAA specificities. "^ '^^ Details of the changes during 
malignant transformation can be found elsewhere.'*^ '*® Here, the emergence of unique 
carbohydrate moieties in tumors that might be exploited for drug-targeting will be 
considered only briefly. 

Hakomori"* has tentatively listed ten types of chemical changes in the carbohydrate 
moieties of glycolipids and surface glycoproteins on tumor cells compared to those on 
homologous normal cells. These changes are brought about either by blocked synthesis 
of normally existing carbohydrate chains or by neosynthesis as a result of activation of 
glycosyl transferases that are virtually absent from normal cells. The most commonly 
observed change in surface-bound glycoproteins in cancer cells has been the appear- 
ance of relatively high molecular weight glycoproteins replacing smaller ones, i.e., the 
Warren-Blick-Buck phenomenon.*' Its structural basis has been attributed to "in- 
creased branching at the mannose units of complex oligosaccharides and/or increased 
sialylation of carbohydrate moieties"."* Several MAB against human TAA are ap- 
parently directed against sialosyl residues of a densely glycosylated region of sialosyl- 
oligosaccharide-containing glycoproteins.^"***'-*^ The differences from glycopeptides of 
normal homologous cells usually (but not always) disappear after treating high molec- 
ular weight glycoconjugates from cancer cells with sialidase."® From these and similar 
studies, it appears that the branching enzyme, N-acetyl glucosamine transferase, may 
play a crucial role. 

There is no firm evidence that even tumors of a given histogenesis contain a common 
tumor-associated glycoconjugate or that the tumor cell surface contains unique car- 
bohydrate sequences that are absent from all normal cells. Differences so far found are 
mainly quantitative, involving several membrane constituents. However, an increas- 
ing number of reports deal with the production of MAB that react with tumor-associ- 
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ated glycoconjugates that are present in all or a proportion of one or more given his- 
tological types of tumor and are fairly (though not absolutely) tumor specific. 
Hakomori^* and Feizi"** have also listed TAA, whose carbohydrate moieties have been 
defined by either classical chemical-immunological analysis or by use of MAB. The 
analysis of various human tumors has revealed the cessation of synthesis of long chain 
glycolipids leading to accumulation of immunogenic precursors that could be defined 
by MAB, e.g., Gdj in human melanoma*^-^^ and acute nonlymphocytic leukemia,^* Gdi 
in neuroectodermal tumors,*^ Gg3 in Hodgkin's lymphoma,*® and Ghi in Burkitt*s 
lymphoma/' Furthermore, MAB with highly restricted specificity have been obtained 
against a variety of fucolipids and fucogangliosides that have been observed to accu- 
mulate in various human cancers, especially those derived from endodermal epithe- 
lium, e.g., the gastrointestinal tract, lung,^^ and mammary gland." These antigens 
may result from activation of aberrant fucosyl or sialosyl transferases and may thus be 
regarded as the products of neosynthesis. 

Another mechanism underlying the emergence of carbohydrate-containing neoanti- 
gens may be incomplete or blocked synthesis of glycolipids and glycoproteins. Precur- 
sor glycoconjugates, especially glycolipids, may accumulate in cancer cells as a result 
of blocked synthesis of more complex glycolipids. Reduction in size has been observed, 
especially in glycolipids,^® although in transformed cells, the predominant change in 
cell surface-bound carbohydrates is increased size. New carbohydrate moieties appear 
in some tumors, whereas carbohydrate moieties cease to be synthesized in others. De- 
creased sialylation of tumor glycoproteins is also a fairly common observation." 

Alterations in the steric arrangement of the carbohydrate and other immunogenic 
moieties of cell surface-associated glycoconjugates may also play a role in the expres- 
sion of TAA. Factors that are important in this context include: (1) concentration of 
epitopes per unit area of the cell surface and the uniformity of their distribution, i.e., 
the state of cluster; (2) contiguity of epitopes to masking moieties, e.g., other glyco- 
lipids and proteins; and (3) orientation and steric stability of the epitopes which will 
depend upon ceramide composition, cholesterol content, degree of unsaturation of the 
phospholipid acyl chains, and the protein/lipid ratio in the cell membrane. Such 
TAA may be exploited for drug-targeting. 

C. Blood Group Antigens as Tumor Markers 

The alterations in the expression of blood group glycoprotein and glycolipid antigens 
in malignancy have been extensively reviewed by Hakomori'*® and Hakomori and Ko- 
bata.*' These changes include: (1) deletion of host blood group antigen, (2) accumula- 
tion of precursors, and (3) emergence of new blood group determinants foreign to the 
host. Only changes under (2) and (3) above are pertinent to this review. 

L Precursor Accumulation 

The core glycolipid structure that is the precursor to A, B, O blood group substances 
has been found at elevated levels in gastric and colonic adenocarcinomas. The M, N 
blood group precursor antigens T and Tn have been found at elevated levels in about 
90% of carcinoma tissues including breast, colon, and gastric carcinoma.'* Most 
healthy human tissues, including fetuses, contain T and Tn antigens that are masked 
by sialic acid covalently linked carbohydrates and/or by tertiary structures and there- 
fore are not immunoreactive. In contrast, both primary and metastatic adenocarcino- 
mas and some squamous cell carcinomas contain immunoreactive forms of T and Tn 
antigens. The **unmasking" .of these two antigens in tumor tissue may be brought 
about by the blocked synthesis of N or M antigens, increased activity of T and Tn 
synthesizing transferases, or excessive enzymatic desialylation in cancer cells. The de- 
sialylated antigens are treated as foreign by the tumor host and lead to elicitation of a 
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cell-mediated immune response/* Naturally occurring anti-T and anti-Tn antibodies 
are found in the serum of all humans, probably as a result of antigen stimulation from 
intestinal flora. This is in contrast to the lack of immunogenicity of oncofetal antigens. 
Circulating anti-T antibody binds to the unmasked T antigen on the surface of carci- 
noma cells and sheds cell surface components that contain T antigen. Human anti-T 
antibody in the presence of complement kills carcinoma cells in vitro. Apart from 
antibodies, T and Tn antigens bind to peanut lectin. Radioiodinated peanut lectin" 
and non-IgM MAB against T and Tn antigens'* have been successfully used for the 
detection of T- or Tn-containing carcinoma xenografts in mice, a species that has no 
or little preexisting anti-T and anti-Tn antibodies.'* 

2. New Blood Group Determinants 

Early studies by Hakomori*^" and other groups have revealed that: (1) tumor tissues 
may delete A and B determinants due to blocked activity of A and B transferases; (2) 
the type 2 chain may be fucosylated by enhanced activity of alpha 1 > 3 fucosyltrans- 
ferase leading to the accumulation of Le' hapten (or X-hapten) glycolipid in some 
tumors; and (3) the type 1 chain may be fucosylated by enhanced alpha 1 > 4 fucosyl- 
transferase as well as alpha 1 > 2 fucosyltransferase to accumulate both Lea and Leb 
haptens, regardless of the blood group Lewis status of the host. More recent studies 
designed to elucidate the nature of human TAA that reacts with various antihuman 
tumor MAB (e.g., MAB against colonic, gastric, and pulmonary carcinomas and mye- 
logenous leukemic cells) have revealed the antigenic determinant of these antitumor 
antibodies to be Le' (or X) hapten.'^ However, Le' is widely expressed in a variety of 
normal tissues (e.g., gastrointestinal and renal tubular epithelium, granulocytes, etc.) 
and therefore antitumor antibodies with Le' specificity will have little usefulness for 
drug-targeting. Several more of the ''antihuman tumor" MAB have been found to 
detect blood group determinants, e.g., an antipancreatic tumor antibody showing 
blood group B glycolipid specificity, an antihuman colon carcinoma antibody showing 
anti-A activity, antibodies against epidermoid carcinoma and antihuman lymphoid cell 
lines showing anti-H substance activity, and several MAB against human colonic, gas- 
tric, and pancreatic adenocarcinomas showing activity against antigens of the human 
Lewis blood group system. ^^ '^ Tumor-associated Lewis antigens may be useful mark- 
ers for drug-targeting in cancer patients who are nonsecretors of Lewis substance smce 
Lewis antigens are expressed in epithelial tumors, irrespective of the original secretor 
(Se) phenotype. Systematic analyses of human cancer cells with MAB have revealed 
novel dimeric and trimeric structures of X and its sialylated forms in human colonic 
cancer cells. MAB against these new antigens did not react with monofucosyl X or 
short-chain sialosyl X*« and thus may prove to be fairly cancer specific. 

Accumulated type 2 chain precursors have been detected as glycoproteins with Ii 
activity in two cases of gastric cancer, whereas accumulation of unsubstituted type 1 
chain led to appearance of antigen moieties unrelated to Ii and the production of an- 
titumor autoantibody in a patient with bronchogenic carcinoma.*® There is also evi- 
dence that unbranched type 2 chain can accumulate in human leukemic cells, probably 
due to the blockade of synthesis of blood group determinants." 

Aberrant (or incompatible) blood group substances have been noted in various ad- 
enocarcinomas, e.g., the appearance of A-like antigen in 10 to IS^o of gastrointestinal 
carcinomas of O and B group individuals. This provides a possible model for the 
use of a patient's own anti-A antibody for drug-targeting. The chemical basis of the 
emergence of A-like antigen in their tumor cells is not very clear. It is possible that the 
aberrantly expressed A antigen in at least some patients is Forssman antigen since the 
latter cross-reacts with blood group A. Forssman antigens have been detected in human 
lung, gastric, and breast cancer cell lines.** Other rare examples of the aberrant ap- 
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pearance of blood group antigens in tumors include the detection of P-like or Pi-like 
antigens in tumors of a patient with pp genotype*® and the appearance of a MAB- 
defined Burkitt's lymphoma-associated antigen, i.e., a globotriaosylceramide.'® It ap- 
pears that Burkitt's lymphoma lymphocytes express the pK antigen irrespective of the 
P blood group status of the patient. This antigen is present in a large variety of normal 
cells but is not expressed on the surface. 

D. Tumor Markers Used for Targeting 

Some of the common human tumor markers and associated tumors are described 
below. Tumor markers have been classified into three somewhat overlapping groups, 
i.e., (1) products of activation of fetal genes, (2) products of ectopic activation in 
tumors of genes involved in the synthesis of pregnancy-associated proteins, and (3) 
adult or fetal tissue-specific enzymes or isozymes that may be synthesized in tumor 
cells. In addition to their use for tumor identification and detection, antibodies to 
many have been used for drug or radionuclide targeting and the following section 
outlines markers that have been used or have potential for targeting. 

i. Products of Expression of Fetal Genes 
a. Carcinoembryonic Antigen (CEA) 

CEA is synthesized by a large variety of epithelial tumors, especially cancers of the 
colon and rectum, breast, pancreas, stomach and lung, and by a proportion of cancers 
of the prostate, bladder, ovary, uterus, and thyroid. It has also been found in neurob- 
lastomas and osteosarcomas. The term CEA designates a heterogeneous group of 
rather complex glycoproteins; the protein-to-carbohydrate ratio in CEA from different 
tumors has been found to vary from 1:5 to 1:1. Polyclonal antisera against CEA cross- 
react with a number of normal tissue antigens, including several biliary glycoproteins, 
an antigen in normal feces, colon, and normal gastric juice. ^'•®° Cells in a number of 
benign lesions produce CEA, e.g., hyperplastic gastrointestinal epithelium in ulcerative 
colitis and Crohn's disease, intestinal polyps, benign prostatic hypertrophy, bronchitis, 
etc.®*'" With the availability of MAB, a paramount question is whether there are epi- 
topes in the CEA molecule that are specific for cancer. Accolla et al." reported the 
production of two anti-CEA MAB that had very limited cross-reactivity with normal 
colon antigens. Most of the 20 anti-CEA MAB studied by Grunert et al.®^ could not 
distinguish epitopes expressed in CEA from epitopes expressed in other cross-reacting 
molecules. On the other hand, by studying the pattern of reactivity of eight anti-CEA 
MAB, Hedin et al.®* were able to conclude that there are at least six different epitopes 
in the peptide moiety of CEA. Two of the MAB cross-reacted with normal colon an- 
tigens but none with biliary glycoproteins. The results of Primus et al.®* on the reactiv- 
ity of their anti-CEA MAB are consistent with the pattern of epitopes suggested by 
Hedin et al." In the context of their carrier role, three points should be made about 
anti-CEA MAB: (1) the pattern of reactivity of anti-CEA MAB obtained after immu- 
nization with tissue preparations other than colorectal cancers suggests that CEA prep- 
arations from histologically different tumors contain epitopes specific for that type of 
tumor;®^ (2) at least some of the anti-CEA MAB show no additive binding when the 
various antibodies are mixed, indicating that one or more can react with a spectrum of 
antigenic sites;*® and (3) some of the anti-CEA MAB have very low affinity and low 
binding capacity for CEA compared to polyclonal antibodies of goat or rabbit origin, 
even when the former shows a degree of specificity for CEA.®®*®' In a study using three 
MAB directed against three different epitopes of CEA and xenografts of three differ- 
ent CEA-producing human tumors, factors that determined tumor-specific localization 
were found to include the concentration of CEA in the tumor and the target epitope 
of the MAB.®*''° An '^'I-labeled polyclonal anti-CEA antibody inhibited the growth of 
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a CEA-producing human tumor xenografted in hamsters. MAB directed against cer- 
tain epitopes of CEA have been found to cross-react with antigenic moieties on circu- 
lating cells. These MAB did not localize in the target tumor and caused systemic tox- 
icity." 

In the context of anti-CEA antibody-mediated targeting of drugs, expression of 
CEA by hyperplastic or benign epithelial lesions does not constitute a problem. On the 
other hand, high levels of circulating CEA and cross-reactivity of anti-CEA antibodies 
with normal cells limit the use of this tumor marker for drug- targeting. Production by 
tumors usually elevates the level of the antigen in circulation. Although it has been 
claimed that circulating CEA does not prevent the binding of anti-CEA antibody to 
CEA-producing tumors in vivo," the possibihty remains that elevated levels of circu- 
lating antigen will interfere with the binding of anti-CEA antibody to the target tumor 
and may give rise to circulating immune complexes. Radiolabeled anti-CEA antibodies 
have been used for the imaging of various human carcinomas" and as carriers of cy- 
totoxic agents (see Chose et al.^^). 

b. Alpha Fetoprotein (AFP) 

AFP is produced by hepatocellular cancers, gonadal and extragonadal germ cell tu- 
mors (especially those that contain yolk sac elements), and cancers of the stomach, 
pancreas, and lungs. AFP from various types of cancer is much less heterogeneous 
than CEA and is antigenically identical to fetal AFP. It is synthesized by proliferating 
liver cells, especially during hepatocellular regeneration. AFP production by tumors 
usually leads to the elevation of serum levels. Anti-AFP antibody has been found to 
inhibit the growth of AFP-producing tumors in vitro, of rodent tumors in vivo, and of 
AFP-producing human tumors in nude mice." '* Anti-AFP antibodies have been used 
for radioimmunodetection of cancer"-'* and as carriers of cytotoxic agents.** A num- 
ber of anti-AFP MAB have been produced (listed recently by SelP*). Four epitopes 
have been identified on AFP with the use of panels of these MAB." Most anti-AFP 
MAB appear to have less affinity than their conventional polyclonal counterparts. 

2. Pregnancy Proteins 

These proteins (or antigenically closely related substances) may be produced by tro- 
phoplastic tumors or ectopically by various nontrophoplastic tumors. 

a. Human Chorionic Gonadotropin (hCG) 

Production of hCG occurs in trophoblast and germ cell-derived tumors and also 
ectopically in a proportion of other tumors, e.g., ovarian, breast, gastrointestinal, liver 
and lung cancers, melanomas, islet cell tumors, etc. In addition to trophoblastic tissue, 
small amounts of hCG are present in testis, pituitary, and gastrointestinal tissue.'^ '' 
The alpha chain of hCG is shared by LH and other glycopeptide hormones. Although 
a portion of the beta chain (i.e., N-terminal amino acids 116 to 145) is responsible for 
its antigenic identity, the beta subunit also cross-reacts with other glycopeptide hor- 
mones, especially LH. Antisera raised against the unique carboxy terminal peptide of 
the beta subunit have essentially no cross-reactivity with hLH." A large number of 
MAB have been produced against hCG and its subunits." These show a wide range of 
affinity and cross-reactivity. There appear to be four major epitopes each in the alpha 
and beta subunits. In regard to the carrier role of anti-hCG MAB, it is interesting that 
certain pairs of MAB display synergism in binding. The mechanism involves the for- 
mation of a circular complex consisting of two antigen and two antibody molecules.'' 
Synthesis of hCG by tumors also is usually accompanied by an increase in the level of 
hCG in circulation. Furthermore, there is usually an increase in the circulating level of 
LH in gonadectomized patients. Elevated serum levels of hCG or LH, that cross-react 
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with anti-hCG antibody, might interfere with the tumor localization of the antibody. 
Some tumors produce only isolated free subunits of hCG that might not react with a 
given antibody. Antibodies to beta-hCG have been used for tumor imaging.'^ 

b. Placental Lactogen (hPL) 

Apart from trophoplastic tissue, hPL is produced in small amounts by normal testis. 
It is produced by both male and female choriocarcinomas and a large proportion of 
breast cancers. Compared to hCG, the serum level of hPL is usually lower in most 
patients. With residual tumor, hPL becomes undetectable in serum, whereas hCG can 
still be demonstrated. Thus, for drug-targeting, hPL may be a more suitable target, 
provided that adequate amounts are produced by target tumor cells. 

c. Pregnancy-Specific Glycoproteins 

These include SPI alpha and SPI beta (synonyms: trophoblast-specific beta globulin 
[T BGi]; pregnancy associated plasma protein C [PAPP-C]; and pregnancy-specific 
beta, glycoprotein). In addition to trophoblastic tumors, immunoreactive SPI has been 
found in 60% of breast cancers and 50% of malignant gastrointestinal epithelial tu- 
mors. They have also been found in the breast duct epithelium in a proportion of 
patients with benign breast disease.'^ In both trophoblastic and nontrophoblastic tu- 
mors, the serum levels of SPI have been found to be low compared to that of hCG. 
After chemotherapy, circulating SPI disappears much earlier than hCG.*°^ Thus, there 
may be less interference with the carrier antibody by circulating SPI. 

d. Placental Protein 5 (PP5) 

PP5 is present in small amounts in the cytoplasm of syncitial trophoblasts and in the 
cytoplasm of breast carcinoma cells. Adequate studies have not been carried out to 
establish its presence in other tumors or in the serum of cancer patients. 

J. Tissue-Specific Enzymes 

a. Acid Phosphatase (E.C.3A.3.2) 

Prostatic carcinomas contain different proportions of normal isozymes of acid phos- 
phatase. The serum level of PAP is raised both in prostatic carcinoma and benign 
prostatic hyperplasia. Antibodies to PAP cross-react with acid phosphatase in other 
tissues (i.e., liver, spleen, bone, kidney platelets, leukocytes, and erythrocytes). ^^'^ An- 
tibodies to PAP have been successfully used for imaging human prostatic carci- 
noma.*^ " 

b. Alpha Lactalbumin 

Alpha lactalbumin is exclusively present in mammary tissue and its level goes up in 
mature breast tissue as a result of prolactin stimulation. It is the B protein of lactose 
synthase (E.C.2.4.1.22). The A protein is present in a higher proportion of breast 
cancers than the B protein but occurs in various other tissues. The B protein has also 
been found in the serum of breast cancer patients. 

c. Alkaline Phosphatase (E.C.3.13A) 

All alkaline phosphatase variants associated with cancer have counterparts related 
to early fetal development, i.e., these are fetal isozymes recurring in cancers. Various 
human cancers such as hepatomas produce the Regan or Kasahara isozyme. It 
closely resembles the B variant found in human placenta. This isoenzyme is ectopically 
expressed on the surface of tumor cells in 12% of different types of carcinoma but in 
over 50% of ovarian carcinoma and seminoma. There is elevation in the serum level 
in patients who have these isozyme-producing tumors. A MAB against this isozyme 
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has been successfully used to target ricin A chain against a human cervical carcinoma 
line in vitro."" 

d. Alcohol Dehydrogenase Isozymes (E.C.I. 1. LI) 

In some hepatomas there is reexpression of the early fetal form of isozyme aa. 

e. Creatin Kinase (CPK) (E. C.2. 7.3.2) 

The isozymes of CPK are fairly tissue specific. MM and BB are the only isozymes m 
muscle and brain, respectively. BB predominates in fetal tissues and adult gastrointes- 
tinal tract, uterus, and prostate. Tumors continue to produce the isozyme typical of 
the tissue of origin, although there may be reexpression of the embryonic form BB.'" 
In patients, there is usually elevation of the serum level of the isozyme produced by the 
tumor. 

/. Salivary Amylase (E. C.3.2. 1.1) 

Some lung and ovarian cancers produce salivary amylase, whereas only small 
amounts are produced by normal lung tissue. Amylase produced by tumors may differ 
slightly from salivary amylase in its carbohydrate moiety.'"' 

g. Pancreatic Amylase 
This amylase is produced by cancer of the pancreas, leading to elevation of serum 

amylase in patients. 

E. Lymphoma/Leukemia Markers 

The use of various polyclonal and MAB to study the cell, surface antigen(s) m lym- 
phomas/leukemias has provided insight into the ontogeny, differentiation, and^func- 
tion of various subpopulations of cells in the lymphoid/hematopoietic systems. '»» Pre- 
cise schemes of T-cell differentiation and function have been delineated with MAB 
reagents,"" '"* but markers of B-lymphocyte differentiation have not been as well de- 
fined. Antibodies to HLA-DR'" and to surface Ig were the principal reagents, but 
recently a number of MAB to other B-cell differentiation antigens have become avail- 
able. Several excellent reviews have appeared on the surface markers of both normal 
and malignant T, B and other lymphoid and hemopoietic cell populations, and the 
various MAB that help in their identification."^ '" Characterization of the differentia- 
tion antigens on T- and B-lymphocytes shows that many of the leukemia-specific or 
■ leukemia-associated antigens identified with polyclonal antibodies are in reality differ- 
entiation antigens.'" '" For example, CALLA, originally defined with rabbit antisera 
after immunization with SIg% ER-ALL cells, and more recently with MAB J5, is pres- 
ent in about 70oro of patients with all types of ALL and also in lymphoid B-cell precur- 
sors in normal bone marrow.'" Several of these "antileukemia" MAB have been used 
in the serotherapy of leukemia in spite of their lack of specificity.'" Most MAB against 
nonlymphoblastic leukemias only detect lineage-restricted normal hematopoietic dif- 
ferentiation antigens, and there is no evidence that these MAB can distinguish leukemic 
stem cells from normal pluripotent hematopoietic stem cells.'" 

Several MAB appear to demonstrate a fair degree of tumor specificity. For example, 
Naito et al.'" have described two (MAB 3-3 and 3-40) that reacted with T-ALL cells 
but not with normal hematopoietic cells, and Negoro and Seon'^' obtained several that 
reacted with both acute and chronic T-leukemia cells. Berger et al.'" reported MAB 
BE-1 and BE-2 that reacted with two different antigens on cutaneous T-cell lymphoma 
but not on normal T-cells. Virus-associated antigens of HTLVl appear to be a poten- 
tial tumor-specific target for MAB. Several MAB are available for HTLV internal core 
proteins including pl9 and p24 HTLV proteins that appear to be membrane associated. 
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i.e., either on the inner surface of the T-cell membrane or inside HTLV on the infected 
T-ceil surface (see Harden and Haynes).^^^ Also, MAB that are directed against pro- 
teins outside the virus core are becoming available, e.g., MAB HT462 that is specific 
for an antigen expressed by HTLV and by HTLV-infected cells. ^" As already stated, 
the idiotype of the Ig molecule on B-cells offers a very specific target.^' 

F. TAA in Solid Tumors 

In this section, without being comprehensive, information on human TAA that have 
been fairly well characterized (and therefore can be used for the production of well- 
defined anti-TAA antibodies) and some of the MAB against human TAA that appear 
to be potentially useful for drug-targeting will be briefly summarized. Two more com- 
prehensive reviews on MAB against human TAA have been published recently.'^'**'" 
Evidence for the specificity of most MAB-defined human TAA is inadequate. Many 
are oncofetal or differentiation antigen(s), while others merely reflect quantitative 
changes rather than de novo s\Tithesis of antigenic moieties. Use of sensitive assay 
systems and careful examination of various normal cell populations at different stages 
of differentiation and different phases of the cell cycle have raised the question of 
whether human tumor antigens with unique specificity really exist.*" 

It has been proposed*^^ that NLAB-defined TAA can be classified into three cate- 
gories: class 1 antigens that are restricted to autologous tumor cells (i.e., individual 
tumor specific); class 2 antigens that are common to histologically similar tumors from 
several patients but absent from other tumors and normal tissues; and class 3 antigens 
that are common to tumor cells and various components of normal tissue. Antibodies 
against class 2 antigens appear to be the most useful for targeting. In regard to class 1 
antigens, every tumor has to be carefully analyzed serologically for the detection of the 
unique TAA. This is likely to be a time-consuming process jeopardizing therapeutic 
effectiveness. Most anti-TAA antibodies (irrespective of whether they are polyclonal 
or monoclonal in origin) appear, on close scrutiny, to be directed against class 3 anti- 
gens. However, this is not a serious limitation of their usefulness as carriers. A sub- 
stantial quantitative difference in the distribution of the target antigen between the 
tumor and surrounding normal tissue may provide an adequate gradient for the local- 
ization of the carrier antibody, proxided that the presence of cross-reacting antigen in 
the circulation or any other accessible tissue does not divert the antibody away from 
the tumor. Furthermore, localization of cytotoxic-agent-antibody conjugates in TAA- 
bearing non-vital normal tissue(s) may not be an insurmountable limiting factor. 

L Malignant Melanoma 

Interest in the immunotherapy of human melanoma has led to extensive investiga- 
tions on human MAA using both polyclonal antibodies*^®- and MAB. More than 30 
different MAB against MAA have been produced. '^'-'^^ Most of the MAB-defined 
MAA are proteins but some are glycoproteins, proteoglycans,*" or glycolipids.*^"* The 
p97 MAA appears to be closely related to transferrin. *^°''^* The list of MAA includes 
DR and other alloantigens, nerve growth factor receptors, and antigens shared by me- 
lanomas, nevus cells, tumors of neural crest origin, and various other tumor and nor- 
mal fetal or adult cells. *^'**'^^ However, with the probable exception of MAB D 1.1 
(directed against aberrantly O-acen-lated GD3 diasialoganglioside),*^® no MAA with 
exclusive melanoma specificity have been identified using MAB.*^"* Nevertheless, a 
number of anti-MAA have been demonstrated to selectively localize in human mela- 
noma in nude mice and patients. There was also inhibition of growth of human 
M21 melanoma cells in nude mice after treatment with MTX conjugated to MAB 
225.288.*^'* MAB of human origin have also been produced against ganglioside GD2, 
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a membrane ganglioside present on human melanomas, retinoblastomas, and neuro- 
blastomas.^^* 

2. Cancers of the Gastrointestinal Tract 

Radiolabeled anti-CEA antibodies have been widely used for tumor detection in 
yi^oi46.i47 g^nd as carriers of cytotoxic agents. Other potentially useful markers of 
carcinomas of the gastrointestinal tract include the following. 

a. Fetai Sulfoglycoprotein Antigen (FSA) 

FSA is found in fetal gastrointestinal tract mucosa and gastric cancer. It is not usu- 
ally found in normal adult gastric tissue but may be present in the involved gastric 
mucosa in diseases such as atrophic gastritis, peptic ulcer, gastritis, and polyps. Inves- 
tigations suggest that FSA is a component of CEA of colonic origin/^® 

b. Gastric Carcinoma Sulfoglycoprotein Antigen (SGA) 

This antigen is present in fetal intestine, adult normal colonic mucosa, and most 
commonly in well-differentiated mucinous adenocarcinomas but not in undifferen- 
tiated gastric adenocarcinomas. 

c. Glycolipids of Gastric Cancer 

In general, human gastric cancer tissue contains more neutral glycolipids than does 
normal mucosa. Glycolipids of the lactose series, including fucolipids, are markedly 
increased in cancer. Blood group-A-like substances have been found in the tumor tissue 
of two O group patients but not in surrounding uninvolved mucosa. 

d. Fetal Gut Antigen (EGA) 

Smith and O'Neill*'* obtained an antibody against a EGA which reacted with Sl^o 
of fetal gut extracts, 30% of gastrointestinal carcinomas, and 897o of normal gut tissues 
but not with the serum of patients with gastrointestinal cancer. Therefore anti-EGA 
antibody, in appropriate patients, could be a better carrier of cytotoxic agents than 
anti-CEA antibody. Unfortunately, EGA and several other similar antigens were 
mainly defined by polyclonal antibodies and have not been adequately characterized 
biochemically. Furthermore, how different these oncofetal antigens are from CEA is 
open to question. 

e. Zinc Glycinate Marker (ZGM) 

Pusztaszeri et al.**^ identified a 2-kdalton antigen with an alpha-2 electrophoretic 
mobility in well-differentiated adenocarcinomas of the colon. This antigen has been 
found also in gastric, breast, prostatic, and lung cancers. However, the antigen was 
found in normal colonic tissue in patients with colonic cancer and nonmalignant gas- 
tric, pyloric, and small bowel mucosa. 

/. Colon-Specific Antigen P (CSAp) and Colon Mucoprotein Antigen (CM A) 

Radiolabeled antibody to CSAp*" could localize xenografts of a human colon car- 
cinoma in hamsters better than anti-CEA antibody.**" Goldenberg's group has also 
reported alterations in the antigenicity of a normal colon-specific mucoprotein antigen 
(CM A) in colonic adenocarcinomas.*''® 



g. MAB-Defined Antigens 

Steplewski and Koprowski*" have listed the various human colorectal carcinoma 
antigens defined by MAB. These are either glycoproteins (a few being identical with 
CEA), neutral glycolipids, monosialogangliosides, or members of the Lewis blood 
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group antigens. None are strictly colorectal carcinoma specific and a few react with 
erythrocytes or granulocytes. MAB 19.9 is directed against a ganglioside with a sialy- 
lated Lewis A carbohydrate.*^^ This TAA is expressed by adenocarcinomas of the gas- 
trointestinal tract, including pancreas, and by intestinal polyps. It is present only in a 
single layer of epithelial cells lining bronchi, pancreatic ducts, etc. in the saliva of Le"**~ 
and Le°"** individuals and in meconium. Although this TAA is present in the serum of 
patients with gastrointestinal cancer, radiolabeled MAB 19.9 has detected gastrointes- 
tinal cancers.*^* 

3. Liver Tumors 

AFP has been the most used marker of human hepatomas. Antibodies to AFP have 
been used for radioimmunodetection of AFP-producing tumors and as carriers of cy- 
totoxic agents in experimental tumor models (see Ghose et al.*^). Immunohistological 
methods have demonstrated hepatitis B virus antigen in the liver tissue of most hepa- 
toma patients. However, it is most abundant in cells that do not appear to have under- 
gone malignant transformation.*^' 

4. Pancreatic Carcinoma 

Due to the difficulties in early diagnosis, there has been an extensive search for 
clinically useful markers of pancreatic cancer. CEA has been fairly widely used for this 
purpose. However, the presence of CEA or antigenically similar substances in other 
cancers and in normal and certain pathological tissues has severely limited its useful- 
ness as a specific marker of pancreatic cancer.**^ Using homogenates of whole fetal 
pancreas, Banwo et al.*^' claimed to have obtained a polyclonal serum that could detect 
a pancreas-specific oncofetal antigen, i.e., pancreatic oncofetal antigen (POA). 
Though initially POA was found to be elevated only in the serum of patients with 
cancer of the pancreas, more extensive studies revealed elevated serum levels in other 
cancers and even in normal individuals with liver disorders, In many of the earlier 
investigations, POA was not biochemically characterized and it was not even certain 
whether the different batches of polyclonal sera used in these studies were detecting the 
same antigen. Recently, two pancreas-specific antigens, i.e., one designated PaA (pan- 
creas-specific antigen, a single chain protein of molecular mass 44 kdaltons)*** and 
another, a pancreatic duct mucin-specific antigen,***^ have been defined by polyclonal 
sera. Both are expressed by at least a proportion of human pancreatic adenocarcino- 
mas. Several TAA of human pancreatic carcinomas have also been identified by poly- 
clonal antibodies**" '" and MAB."'**^"**' Most pancreatic TAA lack specificity, e.g., 
the heavily glycosylated mucin-like antigen detected by DU-PAN-2 is present on nor- 
mal pancreatic ductal epithelium.**^ MAB AR2-20 and ARI-28 (directed, respectively, 
against 190- and 10-kdalton moieties)**' and MAB C-P83 (directed against a 100-kdal- 
ton moiety)**® appear to be fairly tumor specific after somewhat limited screening. 
However, the serum level of both organ- and tumor-associated pancreatic antigens is 
elevated in most patients with cancer of the pancreas.******' For a more detailed descrip- 
tion of MAB- and polyclonal antibody-defined tissue and tumor-associated antigens of 
the pancreas, see Sell and Reisfeld.*^"* 

5. Breast Tumors 

As with other carcinomas, CEA has been the most used marker of mammary carci- 
nomas. In a search for more reliable markers. Imam*'** has evaluated the potential 
clinical usefulness of various breast cancer-associated markers. These include: (1) ec- 
topic products of breast tissue, e.g., a lactalbumin, casein, lactoferrin, and the milk 
globule membrane; (2) oncofetal antigens, e.g., CEA, beta oncofetal antigen (OFA); 
(3) hormones, e.g., hCG, calcitonin, and steroid receptors;*'* (4) enzymes, e.g., Regan 
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isotype of alkaline phosphatase, sialyl transferase, etc.; (5) pregnancy-associated gly- 
coproteins;'^^ (6) ferritin; (7) T-antigen; (8) nucleosides; (9) polyamines; (10) viral pro- 
teins. None appear to have adequate specificity or sensitivity for. diagnostic or thera- 
peutic purposes. Earlier investigations using autologous sera from patients 
demonstrated that there were antibodies that reacted with antigen(s) in breast tissue in 
a large proportion of breast cancer patients. However, the nature of these antigens and 
their tumor specificity were not adequately estabhshed. Later attempts at isolation 
yielded TAA, most of which showed substantial cross-reactivity with CEA,'^^ 

Increasing numbers of reports are appearing on MAB that react with human mam- 
mary carcinomas. They have been classified into four groups on the basis of their 
method of production and the immunogen used. One procedure uses lymphocytes 
from lymph nodes draining breast cancer, i.e., B-cells sensitized against TAA in vivo. 
Several of these MAB could discriminate between normal and malignant mammary 
epithelium.''^ However, all showed reactivity with epithelial cells lining renal tubules 
and sebaceous glands and therefore their therapeutic potential appears to be limited. 
Other procedures use splenic cells from mice immunized with human breast cancer cell 
lines, milk fat globule membrane, or crude or membrane-enriched fractions of primary 
or metastatic breast cancer. Schlom et al.'" have listed the available MAB against 
human breast cancer and the nature of the antigen with which they react. Although it 
has been claimed that some react specifically with mammary cancer cells'''' '" or with 
both normal and neoplastic mammary epithelium,"* none are specific for breast cancer 
and all appear to be antibodies against class 3 TAA. Furthermore, every MAB behaves 
differently with respect to ''percentage of reactive mammary tumors, percentage of 
reactive cells within tumors, cellular location of the TAA, and extent of reactivity with 
non-mammary tumors and normal tissues".'" In spite of these limitations, specific 
localization of radioactivity in breast cancer has been demonstrated after administra- 
tion of radiolabeled polyclonal antibodies (or their reactive fragments) against CEA"' 
or hCG"® and radiolabeled MAB against mammary cancer (see Schlom et al.'"). 

6. Prostate and Prostatic Carcinoma 

A number of human prostate-specific antigens including PAP have been isolated 
and several have been biochemically characterized.'**^"' As carriers of cytotoxic agents 
in the treatment of primary and metastatic carcinoma of the prostate, antibodies to 
prostate-associated antigens are likely to be useful provided that these normal tissue 
markers are adequately expressed by the tumor tissue. The tissue-specific antigens, 
prostatic antigen (PA) and PAP are produced by the majority of primary and meta- 
static prostatic carcinomas, although PAP production may be reduced in tumor tissue, 
especially if the tumor is undifferentiated. '°^ '«°''^' The serum levels of these markers 
are elevated in patients with prostatic cancer. Several MAB have been obtained against 
different prostatic TAA'«° '" '" and normal PA,'*^ including PAP.'^^ '" MAB against 
different epitopes of PAP'** and a prostatic TAA'** have also been obtained. MAB 
D83.21 against prostate carcinoma also reacts with human bladder cell lines,'" and the 
antigen recognized is a membrane glycoprotein with 60- and 28-kdalton subunits cross- 
linked through disulfide bonds.'*' Both polyclonal antibodies and MAB against PAP 
have been demonstrated to localize in xenografts of human prostatic carcinoma." '** 
It has been claimed that anti-PAP MAB-linked fluorouracil deoxyriboside inhibited 
the growth of a prostatic carcinoma xenograft in nude mice.'** Although the serum 
levels of PAP, prostate-specific, and prostatic TAA are usually elevated in patients 
with prostatic cancer, the serum levels of all the markers are not raised in all pa- 
tients.'***'*' For agents that need endocytosis, it is pertinent that the cell surface-located 
prostatic TAA moiety P54 is not shed but internalized after binding to MAB alpha 
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Pro3 or alpha pro5. These two MAB bind to P54 via different epitopes and show a 
synergistic effect on endocytosis/®* 

7, Carcinoma of the Ovary 

Adenocarcinoma of the ovary is the most lethal gynecological cancer and its cura- 
bility falls sharply with each advance in the stage of the disease. Both AFP and hCG 
have been widely used as markers of ovarian germ cell tumors. AFP is associated with 
endodermal sinus tumors and embryonal carcinomas, while hCG is associated with 
choriocarcinomas and embryonal tumors but not with endodermal sinus tumors. CEA 
is not a useful marker for most of the epithelial tumors. Before the advent of hybri- 
doma methodology, autologous sera from patients with adenocarcinoma of the ovary 
or xenogenic immune sera were used to define putative ovarian carcinoma-associated 
antigens. Except for one,*'* they have been poorly characterized and a few proved to 
be identical with CEA.*'** *'** Bhattacharya et al.*" identified six different ovarian car- 
cinoma-associated antigens in ovarian cytoadenocarcinoma. Other ovarian TAA in- 
clude the glycoproteins OCA*" and CA 125.*'^ However, most of the antibodies cross- 
react with fetal or adult intestine*'^ and/or other tumors.*'^ *'* MAB DU-PAN 2 raised 
against pancreatic carcinomas reacts with approximately 40*7o of epithelial ovarian tu- 
mors. The CA 19-9 antigen, originally detected in a colorectal carcinoma cell line, has 
a sialylated Lewis blood group A determinant on a mucin-Hke glycoprotein (Mr > 500 
kdaltons) and CA 19-9 is found in approximately 40% of ovarian carcinoma tissues 
and in the serum of 20Vo of ovarian carcinoma patients. The serum level of other 
ovarian TAA is usually elevated in these patients as well as in a proportion of patients 
with other nonovarian adenocarcinomas.*'^ Radiolabeled antibodies against CEA and 
ovarian TAA have been used for imaging and treating ovarian cancer. *'*'^*'^ 

8. Lung Cancer 

Early attempts at the identification of TAA of lung cancer using immune xenoanti- 
sera led to the recognition of several antigens that were distinct from CEA, AFP, and 
ferritin, e.g., antigens X and Y^°^ HLTAA, LTA I, and LTA 11.'°^ However, most 
were not adequately characterized or properly evaluated in regard to their specific- 
j|.y 148.205 jg jjQ^ realized that human lung cancers may be divided into two broad 
categories, i.e., small cell lung cancers (SCLC) and non-SCLC that include squamous, 
adenocarcinomas, and large cell cancers. SCLC and bronchial carcinoids are related to 
or arise from pulmonary endocrine cells having APUD properties (i.e., cells that have 
the ability for amine and precursor uptake and decarboxylation) and therefore it is not 
surprising that many eutopic and ectotopic hormone markers are produced by SCLC 
tissue. These include the APUD cell marker, L-dopa decarboxylase, neuron-specific 
enolase, the specific peptide product bombesin, enkephalins, and calcitonin. Other 
peptide products elaborated most often by SCLC (and occasionally by non-SCLC) 
include arginine, vasopressin, and neurophysial oxytocin. Single SCLC tumors have 
been reported to secrete, up to ten hormones. SCLC also produce non-APUD markers 
such as CPK and its BB isoenzyme. '''°^*^°* In contrast to SCLC, which are most fre- 
quently associated with APUD cell products, non-SCLC are associated with both 
APUD and non-APUD hormones. For example, although clinical syndromes due to 
excessive production of ACTH secretion have been limited to SCLC and bronchial 
carcinoids, all types of lung cancer produce proACTH and lipotropin, a large protein 
that is a precursor to both pro ACTH and ACTH. Furthermore, all types of lung cancer 
cells secrete calcitonin and hCG. Some hormones are synthesized more commonly in 
non-SCLC than in SCLC, e.g., human placental lactogen and growth hormone. There 
is a frequent association between the bizarre giant cell type of large cell carcinoma and 
hCG secretion.'" 
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Immunochemically, the hormones produced by malignant cells may be heteroge- 
neous, e.g., calcitonin, or may consist of various free subunits, e.g., hCG. In the 
context of tumor markers, SCLC tend to produce ectopic polypeptide hormones such 
as ACTH and bombesin and are rich in neuron-specific enolase, L-dopa decarboxylase, 
and creatine phosphokinase BB.^*** MAB have been produced that react with both 
SCLC and non-SCLC,^°® with non-SCLC only,^°* with mainly squamous cell carcino- 
mas, or with human cancer cell lines. ^*°*^'* The MAB 534 F8 against SCLC generated 
by Cuttitta et al.^°* recognizes lacto-N-fucopentose III. This oligosaccharide is ex- 
pressed in murine embryos and embryonic carcinomas (SSEA-1 antigen), normal hu- 
man bronchial epithelium and myeloid cells, and various proportions of other human 
cancers, e.g., NSLC, colon and breast cancers, and malignant cells of Hodgkin's dis- 
ease.*" Other TAA found in lung cancers of diverse histology are CEA-related anti- 
gens and an antigen that inhibits alpha-l-chymotrypsin.^^^ 

Recently, several MAB with more restricted reactivity have been obtained, e.g., 
MAB that react with lung tumors of a given histologic type such as squamous cell 
carcinoma, adenocarcinoma, and large cell carcinoma but not with SCLC, other hu- 
man tumors, and normal tissues. MOC-1 reacts with SCLC and normal Kulchitski 
cells that constitute a subset of normal endocrine and neural cells. MAB, TFS-2, and 
SM-1 that, along with complement, specifically lyses SCLC cells but does not react 
with normal lymphoid or bone marrow cells have been successfully used to purge 
SCLC cells from human bone marrow. However, there is considerable heteroge- 
neity of antigen expression in lung tumors of even a given histologic type.^" An IgM 
MAB, 600 Dll, selectively localized in human SCLC xenografts in nude mice.^'' There 
is some evidence that MAB 2ll (that has specificity for bombesin) and MAB 11 Gil 
(that reacts with a subset of SCLC) inhibits target tumors in vitro and their xenografts 
in nude mice.*" 

P. Osteosarcoma 

An MAB that reacts with several different human osteogenic sarcoma lines has been 
successfully used to image human osteogenic sarcoma xenografts in nude mice. Con- 
jugates of this MAB with MTX, vindesine, adriamycin, or ricin A chain inhibited 
target cell lines. However, it cross-reacts with other human tumor lines that are 
histologically different and also with some normal human tissues. Biochemically, it 
appears to be directed against an integral membrane protein of 72 kdaltons.^*' Hosoi 
et al.^^*' have also produced several MAB that react with both human osteosarcoma 
and chondrosarcoma. Prior to this, appropriately absorbed polyclonal xenoactisera 
were shown to react with human osteosarcoma cells with varying degrees of specific- 
ity."* 

10, Renal Cancer 

An antibody against human renal cell carcinoma (RCC) was obtained by Chose et 
al. after immunization of a RCC patient with a histologically similar allogenic tu- 
mor.^" Ravitz et al."^ also detected autoantibodies to RCC in the serum of RCC pa- 
tients. By immunizing goats and rabbits with viable RCC cells and absorbing the im- 
mune sera with AB Rh+ human red cells and a panel of normal human tissues 
including kidney, Ghose et al. obtained antibody preparations that reacted with a large 
proportion of human RCC from different patients but did not react with any normal 
human tissues or with other histological types of human cancers."^ Ghose et al. have 
also demonstrated that, after i,v. injection, these polyclonal anti-RCC antibodies se- 
lectively localized in tumor tissue."* Attempts have been made to produce RCC-spe- 
cific MAB.^^*'"' But, with rare exceptions,"*" these antibodies cross-react with various 
other human tumors and normal tissues. The antigen detected by the MAB of Ueda et 
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al."* has been found to be the adenosine deaminase-binding protein. "° Other TAA in 
RCC that can possibly be exploited for drug-targeting include renin"' and steroid re- 
ceptors."^ 

IL Urinary Bladder Cancer 

As with renal cancer, investigations using either xenogenic antiserum"^ or autolo- 
gous sera from bladder cancer patients"^ have suggested the existence of TAA in hu- 
man bladder cancer. Fradet et al."^ have used MAB derived from mice immunized 
with human bladder cancer cell lines or lysates of bladder papilloma to define 11 dis- 
tinct antigenic systems. Two of these antigens, Om5 and J233, are not expressed by 
any cultured cells of normal origin or by normal and fetal tissues. Two other antigens, 
TlOl and JP165, are subset markers for bladder cancer and are not detected in normal 
tissues. The remaining antigens are expressed by various other normal and neoplastic 
cells. All antigens detected by these MAB are heat labile and are not related to A, B, 
H, I, or Lewis blood group antigens. 

12. Cervical Cancer 

A number of TAA associated with squamous cell carcinoma of the cervix have been 
described using polyclonal xenoantibodies. Levi"** obtained two precipitin lines after 
immunodiffusion of cervical carcinoma homogenates against a normal human tissue- 
absorbed rabbit immune serum obtained after immunization with homogenates of hu- 
man cervical carcinoma. Levi's work stimulated a number of similar investigations 
with comparable results. *^^'"^ However, the biochemical nature of these antigens, the 
extent to which they are tumor or tissue specific, and the relationship among them 
remain controversial. Other TAA associated with cervical cancer include CEA and a 
beta-oncofetal antigen"* which was demonstrated in 19 of 21 cervical carcinomas. 

However, this beta-oncofetal antigen was also found in low concentrations in nor- 
mal cervical tissue and in high concentrations in normal adult liver and kidney. Ghose 
et al. detected CEA in 16 of 16 squamous cell carcinoma of the cervix irrespective of 
whether the lesions were poorly or well differentiated."' The serum levels of CEA have 
been found to be elevated in a proportion of (but not all) cervical carcinoma pa- 
tients."^ The usefulness of beta hCG and AFP as markers of cervical cancer is contro- 
versial. "° Herpes simplex virus 2 (HSV-2) antigens have been demonstrated in exfol- 
iated cells of 100<yo of a group of patients with invasive and pre-invasive cervical 
carcinoma^^^ and in 94% of another group with invasive cervical carcinomas. 

13, Neurogenic Tumors 
a. Neuroblastomas 

Neuroblastoma is a common childhood tumor that arises from primitive sympathetic 
neuroblasts^^^ and presents diagnostic problems. Several MAB have been produced 
against human neuroblastomas. Examples include MAB Pl-15 3/3 that reacts with 
neuroblastomas, glioblastomas, retinoblastomas, acute lymphoblastic leukemia cells 
(excluding leukemias of T-cell origin),^'*^ and MAB HSAN 1.2 that binds also to 
Wilm's tumors, Ewing's sarcoma, retinoblastoma cell lines, and fetal brain."* Similar 
cross-reactivity of other antineuroblastoma MAB with normal cells and tissues has 
been observed, e.g., with T-lymphocytes."^ A MAB against the human Thy 1 antigen 
has also been found to react with neuroblastoma cells. However, the Thy 1 antigen 
is expressed by various normal cell populations and tumors such as ghomas, myogenic 
sarcomas, teratomas, Wilm's tumors, and T-cell leukemias. Specificity analysis of 
MAB produced against tumors originating in neural crest-derived tissues has demon- 
strated extensive cross-reactivity among neuroblastomas, gliomas, melanomas,^'*' and 
hematopoietic cell lines."® 
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Wilkstrand and Bigner^^' have recently listed MAB-defined human neuroectodermal 
tumor-associated antigens (HNTA). These include: (1) tissue-specific markers, many 
of which have been biochemically characterized (e.g., glial fibrillary acidic protein, 
SlOO, gangliosides, etc.); (2) shared nervous system-lymphoid antigens (e.g., Thy, 
HLA-DR, CALLA, etc.); (3) shared neuroectodermal and/or oncofetal antigens; and 
(4) putatively tumor-restricted antigens. The presence of markers under (1), (2), and 
(3) in one or more vital normal tissues (e.g., adult kidneys, brain, gastrointestinal tract, 
spleen, thymus, leukocytes, etc.) renders them unsuitable for tumor-targeting. Several 
MAB raised against melanomas have revealed specificity for gangliosides that are also 
expressed in gliomas and/or neuroblastomas and retinoblastomas, e.g., GD2 (initially 
designated as OFA 1-2), GD3, and GQ. Several anti-GDi MAB have also been pro- 
duced after immunization of mice with human neuroblastoma cells. "° In regard to 
normal tissues, GD2 is mainly expressed by fetal brain. Although GD3 is expressed by 
various normal tissues, e.g., normal brain, retina, and kidneys, MAB against mela- 
noma-derived GD3 binds poorly to normal tissues due either to a predominant intra- 
cellular location of the antigen or to minor chemical differences between melanoma- 
derived and normal brain-derived GD3."' MAB PI 15 3/3"^ against a 30-kdalton gly- 
coprotein is expressed in fetal brain and in glioma neuroblastoma and retinoblastoma 
cells as well as in B and null cell ALL and B-cell CLL. Antibodies against GD2 and 
GD3 and MAB PI 15 3/3 may have some potential for tumor-targeting. The specificity 
of those MAB that detect putatively restricted HNTA is yet to be established convinc- 
ingly. 

Most of the MAB against neuroblastomas bind to cell surface glycoproteins, many 
of which are probably differentiation antigens."* Recently, Cheung et al."^ have pro- 
duced a MAB against a cell surface glycolipid of somewhat restricted distribution, i.e., 
while the antigen is present on osteosarcoma and leukemic cells, it is absent from most 
Ewing's and Wilm's tumors. The MAB against this antigen reacted with more than 
98% of cells in all surgically excised neuroblastoma specimens and were cytotoxic to 
1009/0 of neuroblastoma cells in the presence of complement. If the specificity of this 
antineuroblastoma MAB is confirmed, it appears to be very suitable for targeting 
Chemother apeutic agents in vivo. Some antineuroblastoma antibodies have been suc- 
cessfully used in treating autologous marrow,"^ localization of neuroblastomas in 
y[yQ^2ss treating neuroblastoma patients with chlorambucil- or daunorubicin- 

antibody conjugates."* 

b. Glial Tumors 

Appropriately absorbed xenogenic polyclonal antisera have detected common 
glioma antigens"' "' and common astrocytoma antigens."® "' A rabbit ahtiglioma 
serum has detected a fetal brain antigen strongly expressed on gliomas and neurino- 
mas. "° A number of studies have demonstrated that sera from patients with brain 
tumors had a higher incidence of reactivity to tumor cells than did sera from normal 
donors.^** MAB have been produced against human glioma-associated antigens by hu- 
man-human,^" human-mouse,"^ and mouse-mouse hybridomas. Although some of 
the MAB define antigens that appear to be shared and preferentially expressed by 
different histologic types of gliomas, none appear to be ghoma or tumor specific. Ves- 
sels supplying intracranial tumors are not subject to the "blood-brain barrier".^"' 
Ghose et al. demonstrated that the F(ab)2 moiety of a polyclonal antineuroblastoma 
antibody showed greater localization in mice than the parent IgG.** "^ Furthermore, 
the delivery of MAB to brain could be increased fivefold by prior hyperosmolar per- 
fusion of rats with 1.4 Mmannitol or 1.6 Marabinose."' As already stated, many of 
the MAB produced against malignant melanomas, neuroblastomas, and hematopoietic 
cell lines also react with glial tumors. 
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14, Teratocarcinomas and Embryonal Carcinomas 

Teratocarcinomas contain disorganized mixtures of adult, embryonic, and extra- 
embryonic tissues that presumably arise by differentiation of pluripotent embryonal 
carcinoma cells. Human embryonal carcinoma is believed to be of germ cell origin 
and multipotent in nature. Some embryonal carcinomas may be totally devoid of dif- 
ferentiation, whereas others may contain areas of choriocarcinomatous or yolk sac 
carcinoma differentiation, e.g., hCG and AFP, respectively. Several MAB have been 
raised against human teratocarcinomas, but none react exclusively with human embry- 
onic carcinoma cells. For example, MAB 5.5.H., 8.7.D., and 13. 7. A' are 'directed 
against oncofetal antigens having extremely restricted in vivo tissue distribution.^*^ The 
MAB described by Williams et al.^*' reacts with a 200-kdalton membrane glycoprotein 
on undifferentiated teratoma cells and cells lining human fetal intestine and bronchus. 
MAB TRA-1-60 and TRA-1-81 react with an antigen on undifferentiated embryonic 
carcinoma cells that is found also on other human tumor lines and several normal 
tissues."^ A study using 3 MAB directed against high molecular weight glycoproteins 
of human teratocarcinomas and 165 human tumor lines and normal cells has con- 
firmed the oncofetal nature of teratocarcinoma-associated antigens."' MAB against 
murine embryonic antigens such as SSEA-1, SSEA-3, and SSEA-4 react with moieties 
on the surface of human embryonic carcinoma cells or their differentiated derivatives 
even though there may be differences in the distribution of these antigens between 
the two species in regard to the differentiation status of tumor cell populations.^'** 
SSEA-1 is expressed by various normal and neoplastic human tissues. Human em- 
bryonic carcinoma cells are SSEA-1 negative, although some components of germ cell 
tumors, e.g., yolk sac carcinoma and choriocarcinoma cells, express this antigen. The 
SSEA-1 epitope is a branched oligosaccharide that may occur as a part of a polylacto- 
samide in the lacto-series of glycolipids. MAB against SSEA-3 react with human eryth- 
rocytes. The SSEA-3 epitope consists of the internal core of the oligosaccharide of 
globoside-7 (GL-7), whereas the SSEA-4 epitope consists of the terminal residues of 
this oligosaccharide. The globo-series of glycolipids contain the epitopes of the P blood 
group antigens. ^'^'^'^ Human teratocarcinomas produce very high levels of an alkaline 
phosphatase isozyme that is normally distributed in liver, bone, and kidney. After 
immunization of mice with a human teratocarcinoma line, two MAB against the liver/ 
bone/kidney alkaline phosphatase isozyme have been obtained."® Ballou et al.^'"* have 
successfully imaged xenografts of human teratocarcinoma in nude mice using a ra- 
dioiodine-labeled IgM MAB against SSEA-1 and its F(ab)2 moiety."^ 

in. PRODUCTION OF ANTI-TAA ANTIBODIES AND CRITERIA OF 
SUITABILITY FOR TARGETING 

Details of the methods of production and purification of conventional polyclonal 
and monoclonal anti-TAA antibodies are beyond the scope of this review. The meth- 
ods used by these authors for the production of polyclonal anti-TAA antibodies will 
be found in Chose et al.** and other publications from the authors labora- 
I^Qj-y 128,224.225.276 Qencral methods for production of mouse hybridoma-derived MAB 
have been outlined^^^*^^® and methods for those against a given TAA are in the publi- 
cations cited in Section II, e.g., colorectal carcinomas and melanomas, *"*^^^ antigens 
of human blood group systems, lymphoma/leukemias,*^°**^* ovarian carcinoma,''^ 
pancreatic carcinoma,**^ and mammary carcinoma. The following comments are 
relevant to production of antibodies for targeting. 
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A. Rodent-Rodent Hybridoma Production 
L Selection of Species and Strains 

Each species and strain of animal has a characteristic response pattern to a given 
antigen which must be taken into account. For example, some strains of rats do not 
respond to blood group A or B substances and are therefore suitable if one wishes to 
avoid the production of MAB against these antigens."' Whenever possible, more than 
one strain of mice should be used because the immune spleen cell donor and the im- 
mune response pattern of the species or strain of animal should be ascertained. 

2. Antigen to be Used for Immunization 

For the production of MAB against human TAA, the spleen cell donor can be im- 
munized with: (1) tumor cell lines long maintained in culture; (2) freshly isolated tumor 
cells from patients; (3) membrane preparations or TAA-enriched fractions of cells 
from (1) and (2); and (4) serum free supernatants from the spent culture medium of 
tumor cells. ^^^^-^^^ Tumor cells long maintained in culture tend to undergo antigenic 
modulation and lose certain antigens. Their use yields MAB with low specificity, 
whereas use of freshly excised tumor tissue or TAA-ehriched fractions derived there- 
from yield MAB with more restricted specificity.'"-^'^ The use of pure TAA prepara- 
tions yields highly specific MAB.'^^-^** Methods of obtaining membrane preparations 
or TAA-enriched fractions from tumor cells have been outlined. ^'■'"■^^'•"' The use of 
formol-saline-fixed dehydrated tumor cells for obtaining a MAB that reacted with 
fixed tumor tissue has been reported. 

3. Immunization Protocol 

For tumor localization in vivo, it is essential to have antibodies with high affinity. A 
single immunization of the spleen cell donor mouse is likely to yield low affinity anti- 
bodies so it may be advisable to use multiple injections, with or without adjuvants, for 
eliciting a secondary response.'" The animals producing antibodies with the highest 
titer and affinity should be used for donating spleen cells for fusion. As most of the 
anti-TAA antibodies react in a limited way with one or more normal tissue components 
and no anti-TAA antibody reacts with a given histologic type of tumor, the reactivity 
with such tissues as renal glomeruli, bone marrow, etc. should be confirmed before use 
for targeting cytotoxic agents. Whenever possible, the tumor-specific localization of 
the carrier antibody should also be confirmed. 

B. Human-Human and Human-Rodent MAB 

The methodologies for the production of MAB of human origin are still in their 
infancy. Approaches that have been pursued"^ include the production of hybrids of 
lymphocytes from regional lymph nodes of cancer patients using rat or mouse myelo- 
j^^g^ 172.283.284 humau myclomas,^®* human B-cell lymphoma and lymphoblastoid 
lines, ^"•^®**^®' or heteromyelomas."^ An alternative approach for the production of 
human anti-TAA antibody-producing cell lines has involved the transformation of ap- 
propriately sensitized B-lymphocytes with Epstein-Barr virus. 

Human-rodent interspecies hybridomas are usually very unstable due to the selective 
loss of human chromosomes, and virus-transformed B-lymphocytes produce only 
small amounts of Ig and tend to cease antibody production after a variable pe- 
j-iQ^ 282,285 MAB of human origin are likely to be less immunogenic than xenogenic 
MAB for targeting anti-cancer agents in patients. However, the production of anti- 
idiotypic antibodies after repeated administrations of human MAB remains a possibil- 
ity. Most human lymphocyte-derived MAB belong to the IgM class and have low affin- 
ity for TAA.'^^ 
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C. Preparation of F(ab) and F(ab)2 Fragments of Anti-TAA Antibodies 

Several procedures for obtaining reactive fragments of Ig have been outlined else- 
where/^'* Lamoyi and Nisonoff^** have demonstrated that mose hybridoma-derived 
MAB differ widely in their susceptibility to proteolytic digestion even within a given 
subclass. The products of digestion of MAB should be rigorously monitored using a 
two-dimensional gel electrophoresis along with appropriate marker proteins, and the 
reactivity of putative immunologically reactive fragments should be evaluated. "' "^ 

D. Factors That Determine Tumor-Specific Localization of Antibodies 

Factors that determine tumor-specific localization of systemically administered an- 
tibody preparations are outlined below. Many may be influenced by conjugation with 
agents (see below under methods of linkage). 

L Purity 

The fraction of an antibody preparation that binds to available cell surface TAA is 
directly proportional to antibody purity.^*'* Polyclonal sera are limited in their content 
of specific antibody even after affinity purification, which can yield preparations vary- 
ing from 10%"* to approximately 80% pure.*^* Furthermore, the extensive absorp- 
tions necessary for rendering polyclonal antibodies specific remove a substantial pro- 
portion of antibody molecules and leave behind contaminating antibodies that cross- 
react and bind to normal tissues. The antinormal tissue antibodies may contribute to 
systemic toxicity of conjugates."^ 

MAB, at least theoretically, consist of one clone of antibody molecules and therefore 
can overcome these difficulties. However, a source of inactive Ig molecules in MAB 
preparations is the secretion by the hybridoma of inappropriate hybrid Ig molecules 
that lack effective antibody-combining sites. Also, in practice, when MAB are har- 
vested from the ascites fluid of mice inoculated intraperitoneally with the antibody- 
producing clone, there is substantial contamination with mouse serum proteins that 
leak into ascites fluid. Isolation of MAB from ascites fluid presents in a limited way, 
the same problem as encountered during the purification of polyclonal antibodies. One 
method to overcome the problem is to grow the MAB-producing clone in vitro in 
serum-free medium^^* or in medium supplemented only with those components of fetal 
calf serum (FCS) that bind to protein A (if the MAB does not bind) and therefore can 
be removed by affinity purification with protein A. The problem of limited amounts 
of MAB that are usually obtainable from MAB-producing clones in culture (in contrast 
to harvesting MAB from ascites fluid) can now be overcome by methods for scaling up 
the production of MAB in vitro, e.g., either with the use of cytostat-growing clones 
inside hollow fibers or beads that are commercially available. Also, a commercial pre- 
parative HPLC purification system based on hydroxylapatite (Bio-Rad Laboratories, 
Richmond, Calif.) is applicable to ascites fluid. 

Ghose et al. compared the tumor-specific localization of *^*I-labeled polyclonal anti- 
human melanoma IgG, anti-human melanoma MAB 225. 28S, and normal mouse IgO 
in xenografts of human melanoma in nude mice. The tumor-to-blood ratio of radio- 
activity was highest with the MAB and- lowest with the normal mouse IgG.*^' However 
several groups of investigators did not find any difference between monoclonal and 
polyclonal anti-CEA antibodies in regard to their localization in tumors and clearance 
from serum." Stuhlmiller et al."^ studied tumor localization of *^'I-labeled anti-hu- 
man-melanoma antibodies of monkey, human (i.e., serum of patients immunized with 
allogeneic melanoma cells), and murine hybridoma origin in human melanoma xeno- 
grafted nude mice. Compared with different control nonspecific IgG preparations, 
each specific antibody showed selective localization in tumor tissue. The ratio of tu- 
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mor-to-normal tissue localization was highest with the monkey antibody and lowest 
with the murine MAB. 

^'AtTgive? an^i^n concentration, the affinity constant of an antibody determines 
the amount that can bind to target cells."' In turn, the amount of an antibody-lniked 
drug (i e MTX) that is endocytosed is correlated with the amounts of earner antibod- 
ies observed to bind at equilibrium at 0°C and the titer of the binding."' Antibodies 
that have low affinity, either intrinsically or as a result of the method of conjugation 
are not likely to be effective for targeting. Even the fraction that binds is rapidly lost 
from the tumor."' Kennel et al."» have calculated that antibodies with bmdmg con- 
stants of less than 108 M- are not likely to be useful for drug targeting or tumor 
imaging, assuming a value of 10' antigenic sites per cell. MAB are notorious for their 
low affinity. However, repeated immunization of splenic cell donor mice may yield 
hybridomas that produce high affinity antibodies. 

^'AsTlready discussed. TAA that are exclusively tumor specific have yet to be found. 
However, it is the difference in the amount of the TAA (and the difference in their 
affinity for the antibody if any) in the target tumor and surrounding normal tissues 
that will be critical for drug-targeting. For example, oncofetal antigens that are not 
expressed or are expressed only in very limited amounts in ^^"^^p a M ar 

likely to be adequate for drug-targeting. On the other hand, several anti-CEA MAB 
failed to localize in tumors and gave rfSe to systemic complications because of their 
cross-reactivity with CEA epitopes on normal cells." 

4. Concentration and Availabilty of TAA . , * « ^ » a .„.f^rr. 

The amount of antibody that will bind to tumor cells for a given MAB-TAA system 
will vary with the concentration of TAA sites."' The number of sites available on ce Us 
of experimental tumors has been calculated to be 2.5 x 10' to 7 x 10« per cell _ 
Results from our laboratory show that TAA sites on human melanoma cell lines fall 
within this range. According to Kennel et al.,»' the TAA concentration such a sys- 
tem is likely to be in the range of 10« to 10' M, but rarely above. The conditions that 
will determine the interaction between a fluid-phase drug carrying ^^ti^ody and TAA 
in solid tumors are complex and include the following: (1) accessibihty of TAA to 
conjugates in intravascular and extravascular fluids; (2) rate of diffusion of conjugates 
in the extravascular compartment; and (3) susceptibility of TAA to modulation and 
the rate of regeneration of TAA sites after endocytosis. TAA-antibody combinations 
in which the TAA modulates and becomes cryptic upon exposure to the antibody are 
obviously unsuitable for drug-targeting. Endocytosis of the carrier antibody is essen- 
tial if the cytotoxic agent is not surface active and its target molecules are intracellular. 
Comparison of the rate of endocytosis of three different MTX-Unked antimelanoma 
antibodies has indicated differences in the rate of regeneration and recycling of TAA 
sites. The binding sites for MAB 225.28S regenerated faster and ^7^"*°^^^";,"^" 
for internalization of antibody-linked MTX than the binding sites of '-'^ ^^'y''^^^^ 
antimelanoma antibodies."' Some cell-surface TAA do not ""^ergo endocytosis even 
after antibody-induced capping. For example, Ghose et al. observed -^^^2 2Vm^ 
docytosis of antibody-bound TAA on EL4 cells"' but not with TAA on H6 hepatoma 
cells. "^ 

5. Influence of Secreted or Shed Antigens(s) in the Millieu of J^^or Cells 
Many TAA are either actively secreted (e.g., hormones, PAP. AFP, etc.) or shed 
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(e.g., MAA) in the extracellular fluid. Some TAA may also be released by dead or 
dying tumor cells. The concentration of such extracellular TAA is likely to be the 
highest in the immediate vicinity of tumor cells, especially in those areas where vascular 
flow is sluggish and lymphatic drainage is inadequate. The presence of extracellular 
antigen(s) in solid tumors is unlikely to be a serious impediment for imaging or therapy 
with antibody-linked radionuclides. In fact, the presence of large amounts of localized 
free antigens may increase the number of binding sites per unit volume of tumor tissue 
and thus lead to increased tumor localization of the agent. However, the presence of 
extracellular free antigen may interfere with the effectiveness of those conjugates of 
cytotoxic agents that need internalization for cytotoxic effect. On the other hand, dis- 
sociation of an active drug from the extracellular immune complexes may produce a 
local depot effect, i.e., a slow prolonged action of the agent at the tumor site. This will 
be unlikely to happen with immunotoxins constructed with only the A chain of the 
toxin molecule unless the A chain also contains the part of the B fragment (in a cryptic 
form) that facilitates internalization. Local extracellular accumulation of TAA-immu- 
notoxin complexes may then result in tumor inhibition. 

Apart from concentration, the affinity between free TAA and carrier antibodies is 
also an important factor in determining the effectiveness of antibody-linked agents. 
Interactions between antibodies and cell surface TAA can be regarded as a typical fluid 
phase mono- or bivalent reaction."' "^ At least some of the membrane-bound TAA 
may behave atypically because of adjacent molecules (e.g., steric hindrance of glyco- 
lipid TAA by other membrane-located glycolipids,^'® membrane fluidity, and the rela- 
tively slow diffusion constants of membrane-bound antigens that may prevent the 
proper orientation of the epitope for binding with the antibody). Any advantage in 
affinity of extracellular TAA over cell surface-bound TAA will detrimentally affect the 
binding of carrier antibodies to tumor cell surface. 

6. Interferetfce by Host Antibodies and Immune Complexes 

Although oncofetal antigens are usually not antigenic in the tumor host, other TAA 
(e.g., cell surface-associated neoglycoconjugates or blood group precsursors) may pro- 
voke a response in tumor hosts. Autologous anti-TAA antibodies may compete with 
drug-linked xenoantibodies for binding sites on the tumor cell surface. Relative con- 
centrations of the two antibodies in the milieu of tumor cells and their affinity con- 
stants will be among the factors determining the amounts of the two antibodies that 
will bind to tumor cells. Autologous antibodies may react with circulating TAA to 
produce immune complexes which are likely to be in the zone of antigen excess at the 
tumor site. These complexes in antigen excess may also neutralize administered anti- 
body conjugates. If the carrier antibody possesses a higher affinity for the TAA than 
the autologous antibody, then the carrier antibody is likely to displace the autologous 
antibody from complexes, causing further ''neutralization" of the conjugate. Autolo- 
gous antibody displaced from immune complexes will compete with the unbound an- 
tibody conjugates for TAA on the tumor cell surface. If the conjugated antibody hap- 
pens to have a higher affinity for free TAA (or TAA in the immune complex) than for 
cell-bound TAA, there is likely to be substantial reduction in the binding of the con- 
jugate to tumor cells. Furthermore, there will be additional loss of binding of the 
conjugate to tumor cells if the autologous antibody happens to have higher affinity for 
the cell-bound TAA than the carrier antibody. 

7. Size of the Conjugated Antibodies 

The use of F(ab) and F(ab')2 fragments, instead of the entire Ig molecule, is likely 
to: (I) augment transcapillary passage and diffusion in extracellular space; (2) enable 
the carrier moiety to cross the blood brain barrier and thus make the carrier suitable 
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for the imaging or therapy of tumors in the central nervous system;'***"^ (3) reduce the 
antigenicity and susceptibility to phagocytosis; and (4) lead to faster clearance of the 
labeled moieties. Indeed, F(ab) and F(ab')2 moieties of anti-TAA antibodies are cleared 
from the circulation at a much faster rate.*' Rapid clearance of labeled carriers that 
are not tumor bound reduces background binding to normal tissues and improves the 
ratio of tumor to normal tissue localization of the carrier. This is of help in tumor 
imaging because a high tumor-to-background ratio is likely to allow resolution of 
smaller tumors and/or tumors with low uptake of targeted radionuclides. However, 
the therapeutic effectiveness of a given dose of conjugates is decreased because the 
proportion of the total administered amount of the F(ab)2 moiety that localizes in a 
tumor is much less than that of the parent IgG.*' The rapid clearance of labeled F(ab')2 
and F(ab) fragments from blood is likely to shift the equilibrium of binding, leading 
to the dissociation of the bound antibody away from the tumor. We have observed 
that MTX linked to the F(ab')2 moiety of an anti-EL4 lymphoma IgG was a less effec- 
tive tumor inhibitor than equivalent amounts of MTX linked to the parent IgG."' 

Since an antibody-cell-surface TAA interaction can be regarded as a monovalent 
reaction,^*' it is not surprising that IgG antibodies and their F(ab) and F(ab')2 frag- 
ments have nearly identical affinity constants."^ However, monovalent carriers like 
the F(ab) fragment will be less susceptible to endocytosis or shedding after binding to 
the tumor cell surface because monovalent fragments do not cap. Although lack of 
shedding or endocytosis may improve the imaging quality of antibody-linked radio- 
nuclides and the therapeutic effectiveness of conjugated cell-surface active agents, it 
will render targeting ineffective for agents that interact with intracellular targets. 

8, Dosage of Administered Conjugated Antibodies 

If a cell surface TAA is freely exposed to circulating blood (e.g., as with leukemic 
cells), the amount of a conjugate that would bind to tumor cells will depend upon the 
concentration of the labeled antibody, the number of TAA sites available for binding, 
the affinity of the antibody, the amount of competing antibody (either in the conjugate 
preparation, or in the form of autologous anti-TAA antibodies), and circulating anti- 
gen. However, with *'sohd" tumors, additional factors will be the fraction of the car- 
diac output that reaches a tumor (usually small), the extent of the tumor bed to be 
supplied by the blood delivered, the capacity of the conjugate to cross the capillary 
wall, its rate of diffusion and stability in the extravascular compartment (especially in 
the acidic milieu),^" and the high content of proteolytic enzymes that are usual in solid 
tumors. It has been recently reported that in melanoma patients given "4n-labeled 
MAB 96.5 (directed against the P97 melanoma antigen) the number of tumor sites 
imaged increased with the amount of antibody administered. It is possible that in- 
creasing the total antibody dose will saturate nontarget sites and thus further increase 
the concentration of the MAB in the milieu of tumor. 



P. Pharmacokinetics 

Even very mild treatment of antibodies during conjugation may alter their pharma- 
cokinetics in vivo and reduce their circulating half-life as a result of rapid elimination 
of denatured antibodies.'°° Also, substantial uptake and catabolism of denatured con- 
jugates by phagocytic cells could contribute to nonspecific localization. Another cause 
of nonspecific localization and rapid elimination of antibody agents is the presence of 
TAA or antigenically related materials in the circulation. There is usually an elevation 
in the serum level of many of the TAA and tissue-specific antigens (e.g., prostate- 
specific antigens) in cancer patients. 
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E. The Rationale and Limitations of Cancer Therapy with Antibody-Targeted Agents 
These have been discussed before/^- The rationale for the use of MAB as carriers 
of cytotoxic drugs in treatment is based on the demonstration that intravenously ad- 
ministered anti-TAA antibody shows target-selective in vivo localization. 

1. Tumor Localization of Anti-TAA Antibodies 

The evidence for tumor-specific localization of intravenously administered antibod- 
ies and the factors that determine the amount that reaches the tumor and its duration 
of sojourn will be briefly summarized. In evaluating the tumor-specific localization of 
anti-TAA antibodies, it should be remembered that considerable accretion of intravas- 
cularly administered macromolecules can occur in a tumor as a result of increased 
tumor vasculature, increased permeability of newly formed vessels, and the lack of 
lymphatics in tumors. ^^'-^^^ A variety of appropriately radiolabeled macromolecular 
carriers including serum albumin have successfully imaged a sizable proportion of hu- 
man tumors due to intratumoral vascular and hemodynamic changes (i.e., sluggish 
flow of blood, increased blood volume, and the increased permeability of vessels inside 
tumors). Therefore, to demonstrate tumor-specific localization of anti-TAA antibod- 
ies, it is not only necessary to show higher localization of the labeled antibody in tu- 
mors compared to its localization in normal tissues, but also higher intratumoral lo- 
calization of the labeled antibody compared to an immunologically irrelevant antibody 
of the same class and subclass. In one approach to establish tumor-specific localization 
of anti-TAA antibodies, anti-TAA and nonspecific Ig labeled with different radioio- 
dine isotopes have been used, i.e., the so-called '^paired label method'*. Using these 
stringent criteria, the tumor-specific localization of both polyclonal and monoclonal 
anti-TAA antibodies and their immunologically reactive fragments have been estab- 
lished in experimental tumors including leukemia/lymphoma,"*'^^'*'^°*"^°^ in human tu- 
mor xenografts, and in cancer patients. For example, using an 
labeled MAB against melanoma TAA, Ghose et al.^^' and others^"** have achieved a 
several-fold increase in localization in tumors compared to other tissues. Specific tu- 
mor localization of MTX linked to anti-EL4-IgG (AELG) has been demonstrated by 
Ghose et al.^°' 

For effective eradication of tumor cells by antibody-linked cytotoxic agents, it is 
essential that a sizable proportion of the administered antibody localizes and remains 
in the target tumor. However, experiments in the authors' laboratory showed that only 
approximately 0.55 to 0.65% of the administered activity of a *^*I-labeled antimelan- 
oma MAB localized in human melanoma xenografts in nude mice at 48 hr; at 126 hr 
the proportion was still less, i.e., 0.27 to 0.56*^^0.*^ With purified *^*I-labeled goat anti- 
CEA IgG, Mach et al.*"*^ have observed that while the concentration of the antibody in 
the tumor could reach ninefold higher than in the liver only 0.05 to 0.2% of the in- 
jected radioactivity was found in the resected tumors 3 to 8 days after injection. How- 
ever in other tumors, uptake of MAB-bound radionuclides was much higher, e.g., 5 to 
10% of the administered dose in the tumorous spleens of erythroleukemic mice,^^®^°' 
6.5% of the administered dose per gram in s.c. transplants of Thy 1.1 positive mouse 
lymphoma,^ *° up to 20% of the total body activity in human tumor-xenograft-bearing 
nude mice,^*' and 17.2% of the administered dose in human melanomas (0.04% per 
gram of tumor tissue) after injection with the ^^^I-labeled F(ab) fragment of anti-p97 
MAB.*"*^ The interval between injection and the observed maximum was as short as 6 
hr in erythroleukemic mice.^**' In Thy 1.1 positive s.c. transplants of a mouse lym- 
phoma, the level of antibody rose in tumors over the first 24 hr and was maintained at 
this level for approximately 24 hr. The level declined exponentially thereafter (ti/2 104 
hr), with a mean of 3% per gram remaining at 8 days. In contrast, only 1.5% per gram 
of a control antibody was present at 24 hr and remained in the tumor at that level over 
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8 days It is possible that the proportion of antibody that localizes m tumors can be 
increased by using a cocktail of antibodies against different TAA or different epitopes 
of the same TAA. DeLand and Goldenberg" have reported that a mixture of three 
MAB against GW39 did not produce a greater concentration of activity m the tumor 
than administration of a single MAB. However, it was not stated whether these three 
MAB were directed against t"he same epitope. 

High affinity antibodies are likely to remain localized in tumors longer than antibod- 
ies with low affinity. It is therefore encouraging that the F(ab'). and F(^b) fragments 
of anti-TAA antibodies retain the affinity of the parent IgG molecule." > Additional 
factors that are likely to influence the proportion of antibody that localizes J"™" 
and the kinetics of localization include: (1) tumor size and weight (a direct relationship 
between tumor size and uptake has been attributed to probable nonspecific trap- 
Ding)-^" (2) tumor vascularity; and (3) catabolism of the conjugate at the tumor site 
and removal of catabolized fragments. Catabolism of tumor-bound antibody has been 
observed between 6 to 24 hr of injection and has been found to be independent of Ig 
class and reactive fragment used."' Tumor-bound antibody may be released as a result 
of shedding of the bound antigen, endocytosis followed by intracellular catabolism, 
proteolytic activity on and around tumor cells, and normal turnover of TAA and mem- 
brane-associated glycoproteins. Major limitations of antibody-targeted drugs m the 
treatment of cancer include the following. 

2. Circulating Antigens, Immune Complexes, and Blocking ki^.v^h 
In two studies on MAB therapy of leukemia, circulating antigen effectively blocked 
binding of the MAB to target cells in vivo.-"" However, blocking was overcome after 
repeated infusions in the study of Miller et al.- and not observed in several other 
serotherapy trials.— In melanoma patients with elevated ^^^""^^^^^^i^f^^^f^^^";;; 
gen. lesions could not be imaged with -In-labeled MAB agamst the antige^^ 
There are other reports showing that high serum levels of TAA such as CEA or hCG 
do not appreciably interfere with tumor localization of ad'"^"^^^^^;.^^^;; 
So far. the presence of a blocking factor does not appear to be predictable. However 
the nature and cell surface distribution of an antigen may be a fair mdicator of the 
possible presence of TAA in the circulation (see below). The amount of "rculat^y 
antigen appears to be related to tumor cell burden, and therefore circulatory blocking 
factors may not be a major factor if the tumor burden is reduced first by other modal 
ities of therapy. Furthermore, elicitation of antibody responses to the carrier 
xenoantibody- and/or linked agents, i.e., drugs and protein toxins,- may limit the 
usefulness of conjugates. 

3. Antigenic Modulation . . 

Several studies have revealed antigenic modulation in target tumor cells both in vitro 
and in vivo However, these cells were able to reexpress the antigen when antibody 
was no longer present. Furthermore, antigenic modulation occurred o^^y;^"^^^^^^;^ 
cell surface antigens such as CALLA and surface Ig, but not with others, such as la 
and histocompatibility antigens. There appear to be several ^if f -ent mechamsms of 
antigenic modulation.^- These include rearrangement of the antigen m the cell mem 
brane (e.g.. TL antigen), shedding of surface antigens (e.g., some ^^^l^^^^^'^^^^ 
nalization of antigen, either alone'- or antibody bound. Examples of f^^^^'^^J^ 
CALLA and EL4 mouse lymphoma antigens."^ Proper scheduling of ^^^^ody m u 
sions to allow reexpression of the antigen should overcome this prob em. may al^o 
be possible to select a MAB against an antigen that does riot modulate Antigens 
such as CALLA or the prostatic P54 antigen'" that internalize along with bound an- 
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tibody may be ideal targets for MAB-linked agents if the target molecules of the con- 
jugate are intracellular. 

4 Tumor Cells in Immunological Sanctuaries 

■ Tumor cells in immunological sanctuaries such as the central nervous system may 
not be accessible to infused antibody conjugates. However, Ghose et al. demonstrated 
that the F(ab'), fragment of antitumor IgG can cross the blood brain barner and selec- 
tively localize in intracerebral tumors.'* "" 

5. Antigenic Heterogeneity of Tumor Cells „i.^nv hetem 

Most if not all, human tumors investigated have proven to be antigenically hetero- 
geneous i.e., 100<Vo of any given histologic type of tumor does not react with a given 
anti-TAk antibody. Within a given tumor, cells show a wide variation in the^^J«^^^- 
ity to a given anti-TAA antibody and usually a proportion of cells does not have de- 
tectable TAA. Foulds-' reported morphological heterogeneity in different areas of a 
single mammary tumor. More recently, the results of the reaction of different hu 
man mammary carcinomas with 4 anti-TAA MAB have been discussed by Schk.m et 
al Ten antigenic phenotypes emerged, ranging from those that express all four an- 
tigens to those that express none. There were also wide variations in ^^e expression o 
TAA by different cells within a given tumor. One area of a tumor contained cells that 
expressed a particular TAA but in another area of the same tumor, cells acked his 
TAA TAA positive cells were found directly adjacent to TAA negative cells even in a 
given area The TAA distribution in a positive cell population varied, i.e., TAA couia 
be found focally in the cytoplasm, diffusely throughout the cytoplasm or in the lu- 
minal borders of cells. Similar antigenic heterogeneity has been observed in most hu- 
man cancers investigated, e.g., lung cancers,^'"" melanoma,^-^- P-;^-^- 
noma'" and others. Heterogeneity of tumor cells has been observed even after 
cloning Some MAB react with a proportion of cells in the primary tumor but wi h 
none in one or more metastatic lesions. For antibody-linked agents to ^e therapeut. 
cally effective, the reactivity of tumor cells with the carrier antibody should be closely 
monitored and, in certain cases, a cocktail of antibodies that react with aU cells ma 
given tumor may be useful. It has been claimed'" that biologic response modifiers such 
as interferon can induce the expression of TAA in antigen-negative tumor cell popu- 
lations. Another approach to overcome antigenic heterogeneity of tumor cells espe- 
cially "patch-work" heterogeneity, is the use of appropriate radionuclides (inst^.^^ °^ 
chemotherapeutic agents and protein toxins) so that the tumoricidal dose of radiation 
can extend up to several cell diameters.'* 

6. Relative Lack of Tumor-Specificity of Anti-TAA Antibodies .^.^irf^uie 
The lack of absolute tumor specificity of available MAB also remams a o^mdable 
problem. For example, CALLA is expressed not only by "^^f""" ^^^^^^^^'^J 
patients), blast cells in CML crisis (40"7o of patients), and a variety of ly"^Phomas, bu 
also by a small proportion of normal bone marrow cells. More pertinently, m most o 
the clinical studies on the serotherapy of T-cell ALL, T-cell 1^^^^°"^^^' ^"^^f^:^ 
CLL, the MAB used not only reacted with tumor cells but also with T-cells m peripn 
eral blood, spleen, lymph nodes, and thymus."' Effective tumor ^^PP/^^^^^"^^^^^^^^^^^^ 
to immunosuppression. Furthermore, the presence of large ""'"^ers of non-neoplastic 
antigen-bearing cells would interfere with the binding of the passively mistered 
antisera to tumor cells and would require infusions of larger amounts °f f «"°Slobuh^^^^ 
Unfortunately, MAB that appear to be more specific for tumor cells are directe<i 
against antigens that are only expressed in the tumors of ^^.^^^^f °P°;7c°/^P„^^^^^^^^^^ 
(e.g., MAB 89 against a human lymphoma-associated antigen,"^ MAB 4C7 and i^. 
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against ovarian carcinomas,^" MAB against non-SCLC lung tumors,"" a MAB against 
colorectal carcinomas,*" and MAB against breast carcinomas*"). The idiotypic 
configuration of the B-cell surface Ig furnishes what is, at present, probably the most 
specific TAA. With a cytotoxic agent linked to an anti-idiotypic antibody, the only 
normal cell population that would be destroyed would be those B-cells that have the 
same idiotype as the tumors. Antibodies directed against the idiotype configuration of 
T-cell receptors, when available, are likely to have the same degree of specificity. Al- 
though inhibition (or eradication) of non-vital normal cell populations (e.g., prostatic 
tissue and endocrine and exocrine glands) may not always be a serious limitation, MAB 
of greater tumor specificity should be sought. 

7. Emergence of Resistant Tumor Cell Populations 

It is possible that tumor cell populations that lack the targeted TAA or are resistant 
to the cytotoxic agent will emerge after repeated administrations of antibody-linked 
agents. Ghose et al.*" and others***'^*** have observed the emergence of antigen-nega- 
tive tumor cell populations either as a result of modulation or of immunoselection of 
antigen-negative tumor cell variants after prolonged administration of antibody, either 
alone (leukemia patients) or linked to chemotherapeutic agents (melanoma patients). 
Use of carrier antibodies directed against different TAA and the use of alternate chem- 
otherapeutic agents that exert a cytotoxic effect on the resistant tumor cell population 
may overcome this problem. Fortunately, methods are now available for binding dif- 
ferent classes of cancer chemotherapeutic agents and a variety of protein toxins for the 
production of therapeutically effective conjugates.*" *® 

8. Lack of Vascularity in Solid Tumors 

It is unlikely that systemically administered anti-TAA antibodies would reach avas- 
cular and necrotic areas in **solid" tumors. In fact, Ghose et al. failed to observe any 
localization of the labeled antibody in necrotic areas in tumors or in necrotic tumors 
in patients with primary or metastatic renal carcinoma given *^*I-labeled polyclonal 
antirenal carcinoma IgG."* It should be emphasized that surgery and/or radiation are 
likely to remain the effective and preferred methods for the treatment of localized 
tumor masses. At present, chemotherapy alone is used in the treatment of disseminated 
tumor cells. It is hoped that the use of an antibody-linked cytotoxic agent will increase 
the therapeutic index of that agent, i.e., render it more tumor selective. Furthermore, 
the additive and occasionally synergistic antitumor actions of anti-TAA antibodies and 
chemotherapeutic agents may add to cytocidal action.*^ The cytocidal action of most 
chemotherapeutic agents follows first-order kinetics (rendering the probability of the 
eradication of the last tumor cell low), whereas the action of anti-TAA antibodies 
alone or agent-linked antibodies follow zero-order kinetics. Therefore, antibody-hnked 
cytotoxic agents are likely to be more effective in eradicating circulating tumor cells 
and microemboli than unconjugated agents.*' Thus, this modality of therapy is likely 
to be most effective in the eradication of residual disseminated cells, micrometastases, 
and leukemias after reduction of tumor mass by other modalities of therapy." Fur- 
thermore, large tumor burdens are also likely to be associated with elevated levels of 
circulating TAA that would "neutralize" antibody-hnked agents. 

9. Toxicity and Detrimental Effects of Antibody-Linked Agents 

Untoward effects of agent-antibody conjugates may be due to either components, as 
well as to contaminants such as pyrogen. Adoption of stringent aseptic procedures and 
routine testing of preparations for pyrogen virtually abolished the risk of pyrogen- 
induced reactions. "^•^"'^ Adverse effects due to antibodies include the following. There 
may be reactivity of the carrier antibody with nontarget cells due to a lack of absolute 
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tumor specificity of the carrier antibody, e.g., the systemic toxicity of an anti-CEA 
antibody that cross-reacted with circulating granulocytes and erythrocytes,'^ or the 
suppression of immunological reactivity as a result of the cross-reactivity of antilym- 
phocytic leukemia antibody with immunocompetent cells. Foreign Ig, as well as the 
ligands, are likely to be immunogenic and, after repeated administrations, may pro- 
voke an immediate hypersensitivity reaction^'* or immune complex-mediated reactions 
due to the production of precipitating antibodies against xenoglobulins. Such antibod- 
ies are also likely to interfere with the tumor-specific localization of conjugates and 
divert conjugate-containing immune complexes to organs rich in reticuloendothelial 
cells such as the liver and spleen." However, after removal of aggregated Ig from 
chlorambucil-antimelanoma IgG conjugates, Ghose et al. failed to detect any precipi- 
tating antibody in patients given repeated injections of chlorambucil-polyclonal IgG."* 
Removal of Ig aggregates and initial high doses of anti-TAA Ig may induce tolerance 
instead of provoking a humoral response. Administration of murine hybridoma-de- 
rived MAB to patients with lymphoproliferative disorders***'^^^'^""^^^ or mammary 
carcinoma*" had very few ill effects. However, occasional adverse effects after infu- 
sion of MAB have been reported. In the trial conducted by Miller et al.^" on the 
effect of MAB anti-Leu 1 in T-cell lymphoma, antibodies to mouse Ig appeared in four 
of seven patients and contributed to the loss of effect of the antibody in three patients. 
Dillman et al.^^' attributed the lack of effectiveness of MAB TlOl in two of four cu- 
taneous T-lymphoma patients to the development of antimouse Ig antibodies. Sears 
et al."** could detect human antimouse Ig antibodies in 9 of 18 gastrointestinal carci- 
noma patients receiving MAB 1083-17-lA, but no adverse effects were no- 
312.325-327,331 jj^ cxtenslvc study, Schroff et al.'*' assayed the serum level of anti- 
mouse Ig in CLL, cutaneous T-cell lymphoma, and malignant melanoma patients. 
Elevated serum levels of antimouse Ig were seen in 0 of 11 of the leukemic patients and 
3 of 9 of the melanoma patients. In one melanoma patient, the antibody appeared to 
be anti-idiotypic. No clinical toxicity was observed. 

Immunologically reactive fragments of anti-TAA antibodies from which the Fc 
moiety has been removed may be less immunogenic. The availability of anti-TAA 
MAB of human origin is also likely to reduce immunogenicity. It is possible that re- 
combinant DNA technology will provide human MAB after the isolation and linkage 
of genes coding for the antigen-binding region and the rest of the Ig molecule.'" In 
addition to routine assay of serum for the detection of antibody against xenoglobulins, 
patients who are being given repeated injections of antibody-linked agents should be 
monitored by skin testing for their reactivity to conjugates during the administration 
of agents. 

Cytotoxic agents in conjugates may also cause adverse effects. After the linkage of 
low molecular weight cancer chemotherapeutic agents to Ig, there are likely to be 
changes in the toxicity and pharmacokinetic properties of the linked agent. For exam- 
ple, the rate of clearance of MTX from the circulation is considerably reduced with 
concomitant increase in its toxicity when the drug is administered as an IgG-conju- 
gate.^°^ On the other hand, the toxicity of several other cancer chemotherapeutic agents 
is reduced after linkage to macromolecular carriers, e.g., adriamycin and Trenimon.*^ 
However, cleavage of such agents from the carrier either in circulation or after intra- 
cellular catabolism may enhance the toxicity of the preparation. This is especially per- 
tinent when conjugates containing both the A and B chains of protein toxins are used. 
Even when conjugates contain only the A chain, phagocytosis or pinocytosis of con- 
jugates by non-target cells can contribute to systemic toxicity and lethality. 
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IV. METHODS OF LINKAGE OF CYTOTOXIC AGENTS 

TO ANTIBODIES 

Reviews referred to in the introduction include descriptions of binding meth- 
ods."'"'* Here, a summary of general principles highlighting major methods along 
with selected examples will be given. 

A. General Principles 

J. Preservation of Antibody Activity 

Preservation of the activity and affinity of the carrier antibody is essential but may 
be difficult to achieve in practice. A linkage procedure that takes place under mild 
conditions is desirable since it appears that Ig, especially MAB, vary widely m their 
susceptibility to denaturing conditions. Even very slight denaturation of antibodies 
during labeling may alter their pharmacokinetics in vivo, e.g., the half -life of circulat- 
ing antibodies has been observed to be considerably shortened after labeling with 
,311 300 The presence of the bound agent may also alter the conformation of the com- 
bining site, especially if the agent is distinctly hydrophobic or possesses multiple 
charged groups. Agents, particularly proteins, may produce steric hindrance of antigen 
binding. Substitution may occur in the antigen-combining site of the Ig and prevent 
access by the antigen if the reactive functional group being used for the conjugation 
leaction is present in that site as well as in other regions of the Ig. These effects are 
likely to become more pronounced as the incorporation ratio increases. For example, 
when agents such as chlorambucil, MTX, adriamycin, daunorubicin, etc. are directly 
linked to Ig, loss of antibody activity can be substantial when the molar incorporation 
ratio of drug to antibody exceeds 10.'" According to Pressman,^"' radioiodination at 
the level of less than 2 atoms of iodine per IgG molecule did not affect the activity of 
tumor-localizing antibodies, but localizing activity was reduced to 30% of the original 
when 19 atoms of iodine were present. In comparing the use of reactive fragments 
instead of the intact Ig molecule, Ghose et al. observed that that F(ab')2 moiety of a 
rabbit anti-BSA IgG lost antibody activity at lower levels of incorporation of MTX 
compared to the parent IgG."' Measures may be adopted to protect the antigen-bind- 
ing sites. An example is immobilization of the antibody on antigen-containing matrices 
during conjugation procedures.'"" The choice of linkage groups in the Ig (e.g., carbo- 
hydrates or SH groups) that are likely to be absent from the antigen-binding site may 
also promote retention of antibody activity.'" '* 

2. Preservation of the Activity of the Cytotoxic Agent 

The activity of a cytotoxic agent in conjugate form must be considered in relation to 
the in vivo disposition of the conjugate. Either the activity must be preserved in the 
intact conjugate or provision must be made for the release of an active cytotoxic agent 
at the target site. If the conjugated agent can ultimately be released at the target site in 
an active form (but not necessarily its original form), there is no restriction on its 
interim chemical manipulation associated with the linkage reaction. In this context, the 
linkage reaction must either be reversible or susceptible to metabolic action which 
in effect, generates an active agent. If the agent is to act on its target site in conjugated 
form, either intact or as a metabolic fragment, then groups in the agent essential for 
its action must not be used for linkage and must not be sterically hindered by other 
groups in the molecule involved in the linking bond. Also, retention of activity is more 
likely if a nonessential group is linked via a spacer arm to the Ig since steric consider- 
ations may be paramount. 



294 CRC Critical Reviews in Therapeutic Drug Carrier Systems 

3, Pharmacokinetic Considerations 

A conjugate must be stable in transit via the circulation and extracellular space to 
target sites. The linkage reaction must neither be too readily reversible nor inappro- 
priately susceptible to enzymatic disruption or the agent is liable to be released from 
the carrier prior to reaching the target cell. Aside from this consideration, in many 
cases chemical linkage designed to appropriately release the bound agent in vivo would 
constitute the ideal method. However, restrictions on the functional groups available 
in both agent and Ig limit such design. 

High molar incorporation of drugs into Ig with the use of spacers and intermediaries 
or the linkage of large protein toxin molecules to antibodies may substantially alter the 
size and charge of the carrier antibody. This can impede its transcapillary passage and 
diffusion in tissue space and ultimately alter its pharmacokinetics. Furthermore, large 
and/or negatively charged conjugates are likely to be rapidly cleared from the circula- 
tion by phagocytic cells of the reticuloendothelial system and thus diverted from the 
target tumor tissue. 

4. Functional Groups Used for Binding 

Binding methods depend on groups that are present or can be introduced into the 
agent and Ig and the number of reactive groups in Ig limits the number of molecules 
of agent that can be attached. Reactive groups in Ig potentially utilizable for linkage 
occur in the side chains of several of the 20 amino acids as well as in the carbohydrate 
moieties.'^'** They include aliphatic carboxyl, amino, disulfide, and hydroxyl groups; 
imidazole and phenolic rings; aromatic hydroxyl groups; and vicinal diols. The most 
widely used thus far have been carboxyl and amino gfbiips. Introduction of reactive 
functional groups into Ig is exemplified by a number of variations in approach to 
linking through sulfur-containing bridge moieties based on the use of heterobifunc- 
tional reagents.''* '® These have been applied most frequently to conjugating protein 
agents, e.g., toxins, so they will be discussed below under that heading. The production 
of F(ab)-SH by reductive splitting of IgG also represents, in effect, the incorporation 
of an -SH group. 

Functional groups in agents also require careful consideration.''* '® Those in protein 
agents are essentially the same as outlined for Ig, so here low molecular weight chem- 
otherapeutic agents will be considered. The carboxyl group has often been used be- 
cause it allows mild coupling reactions. If more than one is present in a drug, e.g., 
MTX, there is the possibility of activation of additional groups leading to cross-link- 
ing. For this reason, it may be desirable to limit the molar ratio of reagent to drug 
during the activation stage or utilize a regiospecific method. Other groups of impor- 
tance, because of convenient linkage chemistry, include the amino group, the hydroxyl 
group, and vicinal dihydroxyls. Incorporation of reactive functional groups into drugs 
may also be feasible. However, the structural chemistry of drugs and their derivatives 
is outside the scope of this review, so the literature on individual drugs should be 
consulted; only a few examples pertinent to conjugate design are included here. Car- 
boxyl groups can be introduced by reaction of an existing amino group with an anhy- 
dride. An interesting example of this is the use of cis-aconitic anhydride to produce a 
carboxy derivative which is susceptible to hydrolytic decomposition under mildly acid 
conditions, such as exist in lysosomes."^ Succinic anhydride forms an analogous, more 
stable derivative."* Introducing a carboxyl group in this way also has the effect of 
introducing a potential spacer and this aspect is discussed below. A derivative of dau- 
norubicin can be obtained in which the methylketone side chain is modified to the 
corresponding 14-bromomethyl ketone. The activated halogen atom alpha to the car- 
bonyl group is capable of reaction with protein amino (and carboxyl) groups. Zunino 
et aL"* prepared stable covalent conjugates with a number of proteins by incubating 
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14-bromodaunorubicin with the protein at pH 8.5. Molar incorporation ratios ranged 
from 0.1 (lysozyme) to 3.7 (BSA) and 8.5 (Ig). 

B. Outline of Binding Methods 

Important linkages utilized for conjugation include amides, disulfide bridges, and 
Schiff base-derived groups. Stabilities in vivo can range widely and are likely to be 
influenced strongly by steric factors arising from the juxtaposition of agent and Ig 
moieties. Representatives at the low to moderate end of the scale include esters and 
amides that are susceptible to lysosomal hydrolases. Disulfide bridges are likely to be 
susceptible to reductive splitting, whereas the thioether bond would be expected to be 
more stable. The behavior of conjugates based on linkage groups such as aziridyl 
amides, hydrazones, and Schiff bases will be influenced by their chemical lability. This 
could be of value as long as the agent was not released prior to reaching the target 
tissue. An aziridyl amide is relatively stable at the pH of blood but is hydrolyzed at pH 
4 with a half-life of a few hours so breakdown in lysosomes should be promoted."* In 
this context, various lysosomotropic conjugates'^'* have been designed and some are 
discussed below. When spacers or intermediaries are introduced, there can be several 
linkage bonds between the agent and the Ig, and the properties of these multiple group- 
ings may be important in the manifestation of a cytotoxic action. A dramatic example 
is the difference in cytotoxicity between the cis aconityl and maleyl derivatives of dau- 
norubicin. The most labile link will govern in vivo splitting of the conjugate into a 
* 'protein fragment" and an **agent fragment". 

i. Noncovalent Binding 

Noncovalent binding directly between agent and antibody has not been generally 
applicable. Parameters involved have been discussed by Edwards^*° and by Ghose et 
al.'^ One noncovalent-binding system that has potentially more general applicability to 
conjugate synthesis is avidin-biotin (see Ghose et al.'^). The methodology entails link- 
ing the agent to avidin and the Ig to biotin, or vice versa, followed by combination of 
the two binary conjugates. Successful conjugation depends on not blocking either the 
avidin or the Ig-binding sites. Although the binding between avidin and biotin is non- 
covalent, the dissociation constant is of the order of 10"'*.^^' This is indicative of very 
high stability, and a combination of low pH and denaturing agents or proteolysis 
would be required to split a conjugated agent. The analog, 2-imminobiotin, forms a 
strong interaction at high pH values, but dissociation is easier at low pH where it 
becomes positively charged. 

The avidin-biotin interaction has been applied recently to toxin-antibody conjuga- 
tion. Hashimoto et al.^^^ reacted the NHS ester of biotin with IgG or F(ab')2 in 0.1 
M sodium bicarbonate to form the Ig-biotin derivative. Linkage of the agent to avidin 
was achieved by disulfide interchange since the technique was being applied to a toxin 
A chain. Avidin was reacted at pH 7.6 with a fivefold molar excess of SPDP to obtain 
the PDT derivative (PDT-avidin). Toxin A chain bearing a free -SH group was pre- 
pared by reduction with a low molecular weight sulfhydryl conipound and allowed to 
react with PDT-avidin to produce *'A-chain-S-S-avidin". The product was purified by 
chromatography on Sephadex® G-150 to yield mainly the 1:1 binary conjugate. In- 
cubation of the two binary conjugates in buffer formed the noncovalent ternary con- 
jugate. In an alternative approach, Hashimoto et al.^"^ exposed target cells to biotiny- 
lated Ig followed by the avidin-bearing agent. 

Another approach to noncovalent binding is to utilize the antibody-antigen interac- 
tion where high affinities can be observed. The agent has been used as antigen so that 
antigen-antibody complexes can be targeted to Fc receptor-bearing cells. Alterna- 
tively, hybrid antibodies have been synthesized that combine target-antigen-binding 
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and cytotoxic-agent-binding moieties by oxidative combination of the appropriate 
F(ab) -SH fragments.^'*'* However, endocytic uptake by cells may be less than expected 
for a bivalent antibody if the hybrid is univalent with respect to binding to a cell surface 
target antigen. On the other hand, the hybrid may serve to deliver agent to a cell 
surface-binding site for that agent if one is present. 

2. Covalent Linkage 

a. Direct Linkage between Agent and Antibody 

The simplest approach to direct linkage entails a single incubation of agent and Ig 
along with an activating reagent. The most commonly used such single-stage method 
has been the formation of amide bonds by use of a water-soluble carbodiimide. This 
method can be applied to a carboxyl group-containing drugs, such as chlorambucil or 
MTX, or to a protein agent. Its chief advantage lies in the mild conditions that can be 
used to achieve coupling, while its chief disadvantage arises from the simultaneous 
presence of carboxyl and amino groups in proteins. This has the potential for produc- 
ing cross-linking that may be difficult to control. (The presence of reactive carboxyl 
and amino groups in the agent can be similarly disadvantageous.) Attempts have been 
made to control cross-linking by first allowing the carbodiimide to react with the car- 
boxy-containing compound and then introducing the Ig. In preparing daunorubicin- 
IgG conjugates, Gallego et al.""* were able to restrict intermolecular cross-linking of 
IgG to less than 5% (estimated by SDS-PAGE) by using a molar ratio of 1:25:50 for 
IgG, drug, and ECDI, respectively. 

Other conjugation methods have been developed that avoid cross-linkage 
and homopolymerization. Some involve preparing monofunctional derivatives of the 
agent or the Ig that are sufficiently reactive to become coupled under the mild aqueous 
conditions required to prevent denaturation of protein. The strategy is illustrated by 
the synthesis of active ester derivatives of carboxyl group-containing compounds that 
do not also possess an unprotected reactive nucleophilic group. The free carboxyl 
group can be derivatized by reaction with NHS and a carbodiimide. In the second 
stage, the active ester will react under mild aqueous conditions with nucleophilic 
groups in the Ig, chiefly amino groups, to produce amide hnkages. This method has 
been applied to MTX conjugation. 

Another way of activating a carboxyl group-containing drug is to produce a hydra- 
zide by reaction of hydrazine with either an ester or active ester derivative of the drug. 
Hydrazide derivatives will react with aldehyde groups to form hydrazones. This has 
been done with a fraction of the aldehyde groups in the intermediary, polyaldehyde 
dextran.^^**^^^ The drug-carrying polyaldehyde dextran was then allowed to react via 
remaining aldehyde groups with amino groups in an Ig. However, this latter step rein- 
troduces the risk of cross-linking due to more than one Ig molecule reacting with the 
multiple aldehyde groups present on a given dextran molecule. Alternatively, a hydra- 
zide derivative may be converted to the corresponding azide by reaction with nitrous 
acid. The azide will react with amino groups in proteins or in polylysine as intermedi- 
ary. Various homo- and heterobifunctional reagents have also been used for synthesis 
of antibody conjugates, especially in the linking of other proteins to Ig.'"* *® 

b. Linkage through Spacer Arms 

Steric hindrance must be prevented if a conjugated agent is to interact with its mo- 
lecular target while the agent is still bound to Ig. The same approach can be applied to 
linkage of agents to antibodies, as is used in affinity chromatography to overcome 
steric hindrance. In situations where the agent is released prior to exerting its cytotoxic 
effect, a moiety equivalent to a spacer may still be introduced so as to allow linkage 
bonds of a particular kind, e.g., pH-sensitive.^^^*^^® 
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Examples of lysosomotropic spacers are furnished by a series of glycopeptide deriv- 
atives of daunorubicin. Monsigny et al.^^® synthesized 2-(l-thio-beta-D-glucopyrano- 
syl)-ethanoyl-L-arginyl-L-leucine (Glc-S-Et-Arg-Leu), the choice" of arginine being 
based on specificity of lysosomal proteases and of leucine on the fact that leucyl dau- 
norubicin is fully active. This intermediate (bearing a free carboxyl group on the leu- 
cine moiety) was reacted with NHS and ECDI to form the corresponding active ester 
which, in turn, was reacted with daunorubicin via the drug amino group to produce a 
binary amide-coupled drug-spacer conjugate. The sugar ring was then oxidized with 
periodate to yield a dialdehyde which is capable of coupling to proteins (in this case 
wheat germ agglutinin) through Schif f base formation. Final stabilization was achieved 
by reaction with borohydride. Incorporation ratios were low since above 1.5 mol of 
drug per mole of protein the conjugate became insoluble. The ternary conjugate bound 
readily to lectin receptors at 4 and 37°C and was more effective than the free drug in 
inhibiting growth of L1210 cells. A specific competitive effect on both binding and 
cytotoxicity was observed with di-N-acetylchitobiose. Fluorescence microscopy showed 
membrane labeling after 30 min and fluorescence in clusters after 1 hr. Lysosomal 
protease susceptibility was shown by preparing solvent extracts of exposed cells and 
subjecting them to TLC. Derivatives with Rf values similar to free daunorubicin, to 
leucyldaunorubicin, and to the binary drug-spacer conjugate were observed. The bi- 
nary conjugate, while taken up by cells slowly, was not cytotoxic and did not release 
free daunorubicin or a leucyl derivative. 

This group later reported on a series of L-Ala-L-Leu peptides spacers with up to four 
residues, intended to be lysosomotropic."' Leu-, Ala-Leu-, Leu-Ala-Leu-, and Ala- 
Leu-Ala-Leu-daunorubicin were first synthesized. ECDI was used to conjugate succi- 
nylated BSA (sBSA) with the amino group of daunorubicin or its peptide derivative. 
Incorporation was 10 to 21 mol of daunorubicin per mole of sBSA. Succinylation of 
the protein to block reactive amino groups decreased the extent of polymer formation 
and about 70% of the conjugate could be isolated in the monomer fraction from Seph- 
adex® 6B chromatography. Incubation of these conjugates with a rat liver lysosomal 
fraction at pH 5.5 showed that a spacer length (n) of three or four amino acid resi- 
dues was required for release of drug as determined by HPLC. The linkage was sta- 
ble in serum, a finding consistent with maintaining the integrity of conjugates in 
transit to target sites. An i.p. injection of 2 mg/kg of free drug on days 1 and 2 into 
L1210-cell-inoculated mice showed a 39*^o increase in Hfe span. Injections of conju- 
gates showed no prolongation when n = 0 or 1, an effect less than the free drug when 
n = 2, but prolongation of survival of the order of 200% when n = 3 or 4. Also, lower 
weight loss in the con jugate- treated group indicated a reduction in toxicity compared 
to the free drug. 

A logical refinement of this conjugation procedure was to prepare the active ester of 
Ala-Leu-Ala-Leu-daunorubicin (and the corresponding adriamycin derivative) and 
react that with the protein instead of using carbodiimide coupling. Reaction of the 
free amino group of the peptide with succinic anhydride was used to first introduce a 
carboxyl group; conversion to the active ester was then carried out with NHS. Conju- 
gation was effected by reaction with protein at pH 9. Conjugates with serum albumin 
incorporated 10 to 12 mol of ligarid per mole of albumin while conjugates with MAB 
IgG2B and IgG3 incorporated only 3 mol of drug per mole of IgG. The active ester 
concentration could not be increased because of precipitation. Susceptibihty to dena- 
turation may depend on the particular active ester as well as the protein since Kulkarni 
et al.^** were able to achieve incorporation ratios of 10 mol/mol of IgG and 9097o 
recoveries of protein using an active ester of MTX. 

Shen and Ryser"^ made use of an interesting system for investigating potentially 
lysosomotropic conjugates. They prepared N-cJ5-aconityl and N-maleyl derivatives of 



298 



CRC Critical Reviews in Therapeutic Drug Carrier Systems 



daunorubicin by reacting the drug with the respective acid anhydrides. When the N- j 
cis-aconityl derivative was conjugated to an amino group-containing solid matrix, the 
half-life for hydrolysis was 3 hr at pH 4 and more than 96 hr at pH 6 or above. This 

conjugate had no effect on growth of WEHI cells at pH 7. When N-c/s-aconityl dau- , 
norubicin was conjugated to poly-D-lysine using ECDI, the resulting binary conjugate 

could be taken up by WEHI cells and strongly inhibited growth. (The poly-D-lysine i 
polymer backbone is stable intracellularly, unlike poly-L-lysine.) A binary conjugate 

of N-maleyl daunorubicin and poly-D-lysine could also be taken up by cultured WEHI ] 

cells but had no effect on growth, as expected since the maleyl group lacks the cis- \ 

carboxyl which is responsible for ease of hydrolysis. Analogous binary conjugates [ 

could be synthesized with MTX by coupling to poly-D-lysine with and without the ^ 

digestible spacer, triglycine.^*° I 

c 

c. Linkage through Multivalent Intermediaries g 

Limitations on the molar incorporation ratio achievable by direct linkage can be t 

overcome by linkage via multivalent intermediaries such as dextran, polylysine, pGA, a 

and serum albumin. At equimolar incorporations, loss of activity is likely to be less c 

when ligands are bound via an intermediary. However, this has not been systematically a 

investigated. Even though the intermediary may incorporate a large number of substi- 7 

tuent molecules, conjugation of a large drug load may alter the properties of the com- 1 

plex such that denaturation takes place. 1 

1: 

i. Poly Amino Acids ^. 

Early attempts to form conjugates with pGA as the multivalent intermediary used 
ECDI both to link the drug to the pGA and to link the binary drug-pGA conjugate to f.. 
Ig. p-Phenylenediamine mustard was linked in this way.^*^ Later, Hara's group^" took ^, 
advantage of the fact that in the unique terminal carboxyl groups a pGA molecule can 
provide a single site of attachment to Ig. This avoids polymerization arising from at- 
tachment of multiple Ig molecules to the intermediary. One approach was first to use jj 
SP£)p354 prepare monopyridyldithio-pGA (R-S-S-pGA) and treat it with DTT to ^ 
reduce the R-S-S-pGA to the corresponding free -SH compound, HS-pGA. The mix- ] ^. 
ture of pGA and HS-pGA was next treated with thiopropyl Sepharose 6B to bind the 
HS-pGA by disulfide formation and so allow removal of the unreacted pGA. The ^^ 
washed resin was treated with excess MET to release the HS-pGA by disulfide inter- jj. 
change which, finally, could be reconverted to R-S-S-pGA by reaction with an excess 
of 2-pyridyl disulfide. An alternative method for introducing the terminal sulfhydryl jj.. 
residue into pGA entailed polymerizing gamma-benzyl- N-carboxy-L-glutamate anhy- 
dride with cystamine to form a mixture of pGA-CO-CHi-CHi-S-S-CHi-CHz-CO-pGA 
and pGA."* Reduction with DTT then produced the free -SH compound which was n 
reacted with thiopropyl Sepharose 6B as described above to remove pGA lacking 
an -SH group. Finally, reaction was carried out with an excess of 2-pyridyl disulfide to cc 
protect the thiol and allow for spectrophotometric assay. This formed R-S-S-CH2- n( 
CH2-PGA of an average molecular mass of 12 kdaltons. ai 

Ternary conjugate formation using R-S-S-pGA to which an agent had been coupled se 
(see below) was carried out as follows."^ The Ig was substituted with maleimide groups ai 
by reacting it with a 20-fold molar excess of SMBE or of the corresponding butyrate, in 
SMBU, which produced a more stable derivative. The average number of maleimide p( 
groups incorporated per molecule of Ig was 6.7 (SMBE) and 12.1 (SMBU). Finally, the 
drug-substituted R-S-S-pGA was reduced with DTT and .reacted with the maleimide- iiL 
substituted Ig to form the ternary conjugate. For daunorubicin conjugation, purifica- 
tion of the ternary conjugate was carried out by starch-block electrophoresis, which bl 
will remove contamination by drug-substituted R-S-S-pGA that has not reacted with m 
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Ig. Incorporations of one to three drug-carrying intermediary molecules per molecule 
of Ig were obtained, depending on the molar ratio (4 to 10) of drug-substituted R-S-S- 
pGA to maleimide-substituted Ig in the reaction mixture and oh the maleimide content 
of the Ig. Essentially, the same method was used for coupling of drug-substituted R-S- 
S-CH2-CH2-PGA to Ig."* The biological behavior of ternary daunorubicin-pGA-anti- 
body conjugates is described under Section V, Current Status. 

The method of Hnkage of a particular agent to pGA-bearing -SH groups in prepa- 
ration for ternary conjugate formation will depend on the functional groups present in 
the agent. These workers coupled daunorubicin simply by using a water-soluble car- 
bodiimide since R-S-S-pGA lacks an appropriate nucleophilic group and would not be 
expected to undergo polymerization. To allow ARA-C to be similarly linked using 
ECDI, an aminoalkylphosphoryl group was introduced into the drug at the 5' hydroxyl 
of the sugar."* Linkage to pGA by ECDI was regiospecific and 20 to 3097o of the 
gamma carboxyl groups were substituted. ARA-C was also linked at the 4-amino of 
the cytosine moiety by reaction with a mixed anhydride derivative of pGA to form an 
amide bond. In this case, 15 to 20^^70 of the residues were substituted. With both types 
of conjugates, the remaining free carboxyl groups of pGA could be blocked with 2- 
aminoethanol and ECDI to convert them to the corresponding hydroxyethyl amides. 
The 4-amino-group-based linkage was slowly hydrolyzed in aqueous buffer at 37°C; 
17070 of the drug was released at pH 7.4 after 4 days and 36% at pH 5 after 4.4 days. 
The alkylamino-group-based linkage was stable in aqueous buffer but was AO^o hydro- 
lyzed by phosphodiesterase 1 after 24 hr at pH 7.4. In vitro cytotoxicity tests based on 
continuous exposure of L1210 cells for 70 hr gave the following order of effectiveness: 
free ARA-C » 4-amino-based conjugate > aminoalkyl-based conjugate. Blockage of 
carboxyls in the aminoalkyl-based, but not in the 4-amino-based, conjugates reduced 
cytotoxicity. The authors explained these observations on the basis of hydrolytic re- 
lease of free drug from the 4-amino-based conjugate. 

Tumor inhibition was assayed after both single and repeated i.p. doses into tumor- 
inoculated animals. In contrast to the in vitro results, the conjugates were equal to or 
more effective in vivo than the free drug. The 4-amino-based conjugate in which the 
carboxyl charge was neutralized was the most effective, producing some long-term 
survival with the repeated dose schedule. The mode of in vivo action of these binary 
conjugates may involve both extra- and intracellular release of drug. Factors determin- 
ing effectiveness would include ''the type and stability of the chemical linkage binding 
drug to macromolecule, the length of spacer arm, and the nature of the macromolecule 
itself"."* It will be interesting to study the properties of ternary conjugates with anti- 
tumor antibodies. 

ii. Proteins 

Use of a protein as a multivalent spacer may be considered in the same category as 
coupling of a protein agent to Ig, as is dealt with in a following section. The attractive- 
ness lies in the presence in the spacer protein of multiple potential linkage groups, e.g., 
amino, carboxyl, etc. Serum albumin, the main protein used for this application, pos- 
sesses desirable characteristics of stability in aqueous media over a fairly wide pH range 
and of tolerance toward organic solvents to some degree."' Incorporation of an agent 
into a spacer protein and the subsequent coupling of the binary conjugate to Ig may 
pose problems of cross-linkage and polymerization. 

iii. Polysaccharides 

Dextran has been used to link several agents to Ig. These include: daunorubicin,"' 
bleomycin,"* mitomycin-C,"^ MTX,"° ARA-C,"> FUR,"' and adriamycin.'^ With 
most amino group-containing agents, the approach has been to first oxidize the dextran 
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with periodate to form polyaldehyde dextran. The polyaldehyde dextran is then incu- 
bated in aqueous solution with the drug for several hours, followed by the Ig for a 
further several hours or vice versa. This approach produces a composite Schiff base 
but leads to polymerization due to the presence of multiple amino groups in Ig. The 
Schiff bases can be finally treated with borohydride or cyanoborohydride to stabilize 
the linkage. 

An alternative approach has been to utilize dextran hydrazide for coupling of an 
aldehyde derivative of the agent to Ig.^** A procedure for preparing dextran hydrazide 
has been published by Hurwitz et al.,^"*^ and aldehyde groups can be introduced into 
agents that possess vicinal hydroxyl groups, e.g., nucleosides, by periodate oxidation. 
Coupling with dextran hydrazide has been effected by forming a hydrazone with the 
periodate-oxidized agent followed by linking of the binary hydrazone conjugate to Ig 
using 0.08% glutaraldehyde.^*' Although the actual reaction may be complex, one ter- 
minal aldehyde group of glutaraldehyde would be expected to form a hydrazone with 
the hydrazide groups of the dextran carrying the drug moiety. The other would form 
Michael adducts with amino groups in the protein as in typical glutaraldehyde cross- 
linking. In this synthesis, stabilization by reduction was not carried out. 

Carbohydrate moieties in Ig constitute an intrinsic multivalent intermediary since 
periodate oxidation of the vicinal hydroxyl groups produces multiple aldehydes which 
can react with amino or hydrazide groups in an agent. However, when aldehyde groups 
are formed in the carbohydrate moieties of Ig, there occurs the possibility of forming 
intra- and intermolecular cross-links depending on steric factors. Hemiacetals may 
form with hydroxyl groups; aldol condensation may occur with another aldehyde 
group; imines may form by reaction with amino groups in the same or another Ig 
molecule. In addition to the cross-linking, these reactions can interfere with conjuga- 
tion of an amino or hydrazide derivative of the agent. However, some of the aldehyde 
side reactions will be reversible and thus overcome by an excess of agent in the coupling 
stage. Certain of these considerations also apply to polysaccharide intermediaries. 

d. Linkage of Protein Agents to Immunoglobulins 

Methods for protein-protein conjugation have been recently and extensively re- 
viewed. The article by Blair and Ghose*^ lists most types of reactions 
along with relevant equations. Detailed directions for preparing toxin-antibody con- 
jugates along with important information on safety precautions have been given by 
Cumber et al.^*^ and Domingo and Trowbridge. Here, we will comment briefly on 
current methodology. 

An advance over simple homobifunctional reagents has been to employ heterobi- 
functional reagents in which two different functional groups possess differential reac- 
tivities that can be exploited in conjugation. This provides the ability to substitute a 
reagent molecule into protein 1 (e.g., the antibody) with the other functional group 
remaining intact. Ideally, there should be a high yield of the monomeric derivatized 
protein 1 that can then be coupled with protein 2 (e.g., the toxin). One may also con- 
sider this approach in terms of chemical modification of one or both proteins so as to 
introduce suitable reactive groups. The second stage in conjugation is then carried out 
under another set of conditions that favor reaction of the newly introduced functional 
group(s). Depending on the method, the product distribution can be influenced by the 
concentration ratio of the modified protein 1 and protein 2 if the latter contains more 
than one reactive linkage site. Keeping the second protein in excess will favor forma- 
tion of 1:1 conjugates rather than formation of conjugates consisting of two antibody 
molecules, one toxin molecule, and two or more antibody molecules, etc. Conditions 
can be chosen to minimize these unwanted products and they can be excluded more 
definitively by ensuring that protein 2 also has only one site or group that will react 
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with the substituted protein 1, as is the case with a reduced toxin A-chain-SH or re- 
duced Fab-SH. 

An example of a heterobifunctional reagent is the NHS ester of chlorambucil.^*^ The 
N-hydroxysuccinimidyl moiety will react with amino groups of protein 1 at low tem- 
perature, and then after purification of the derivatized protein, the introduced alkyl- 
ating moiety will react with amino groups of protein 2 at higher temperatures. If six to 
eight chlorambucil molecules are introduced into one Ig molecule, then reaction with 
a four- to fivefold molar excess of a second protein will yield 5 to 1097o of a 1:1 con- 
jugate.^*' Another example of the heterobifunctional reagent approach is the use of 
the NHS ester of N (4-carboxycyclohexylmethyl)-maleimide to introduce maleimide 
groups into a protein which can then react with thiol groups of a second protein such 
as reduced Ig or F(ab)-SH.^*' As described above, SMBE or SMBU can be used to 
incorporate maleimide groups into Ig which can subsequently react with a second mol- 
ecule carrying a thiol substituent to form a ternary conjugate.^" 

SPDP has become widely used to introduce a disulfide group directly into proteins^*'' 
and Ghose et al. have outlined its use in production of antibody conjugates.** '® The 
group introduced is PDT and its extent of substitution may readily be determined by 
spectophotometry. Depending on the protein and reaction conditions, a sixfold molar 
excess of SPDP can result in the substitution of about three groups per protein mole- 
cule.^^*'^" The PDT group is susceptible to a disulfide interchange reaction with an- 
other protein possessing a free -SH group. The final product will be a conjugate with 
a disulfide bridge linking the two proteins. The second protein with a free -SH group 
can be produced in several ways, notably by using SPDP to introduce PDT groups as 
above, and then reducing them. With PDT groups, the interchange reaction favors 
conjugate formation. 

In conjugating whole toxins, the free -SH groups would normally be incorporated 
into the Ig rather than into the toxin to avoid reductive cleavage into toxin A and B 
chains or polymerization.^*' Introduction of free -SH groups into Ig can be achieved 
by reducing PDT-Ig under mild conditions with DTT without splitting interchain di- 
sulfide bridges. With an average of two reactive groups per protein (-SH in one and 
pyridyldithio in the other) and equimolar reaction mixtures, a 20 to 40% yield of a 1:1 
conjugate can be obtained by disulfide interchange coupling.^*' In conjugating a toxin 
A chain, the procedure would be to react PDT-Ig with the reduced single chain toxin 
possessing a single -SH group. With two PDT groups per Ig and a two- to threefold 
molar excess of A-chain-SH, the yield of a 1:1 conjugate is of the order of 50*^^o.^*' The 
reaction of an S-sulfonated protein with Fab-SH is another example of coupling via an 
-SH group of which there is only one per molecule. 

N-succinimidyl iodoacetate can be reacted in neutral buffer with epsilon amino 
groups to introduce iodoacetyl groups into a protein. "'•^*''^'^ Tritiated reagent may be 
used to monitor incorporation which can be limited to a few sites, e.g., two in the case 
of ricin^" and the MAB studied by Garnett et al.^'* Analogous reagents include the 
anhydride and N-hydroxysuccinimide ester of bromo-acetyl-p-aminobenzoic acid.^** 
Coupling of the haloacetyl derivative will occur smoothly at pH 7 under nitrogen with 
a second protein molecule carrying a free -SH group, e.g., produced by reduction of a 
PDT-substituted protein.^** This produces a thioether bond rather than a disulfide. 
The yield of 1:1 conjugate is also between 20 and 40*^0 . Whole toxin conjugates pre- 
pared with iodoacetylated toxin will retain the original disulfide linkage between the A 
and B chains, whereas the reaction between iodoacetylated Ig and a toxin A chain 
produces a thioether-linkage. 

C. Purification of Conjugates 

The following comments will illustrate some of the difficulties in obtaining homo- 
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geneous purified preparations and, more broadly, underline the desirability of design- 
ing linkage methods that facilitate production of well-defined conjugates. If a poly- 
clonal Ig is used, it will be heterogeneous and this mixture of molecular forms will 
result in a corresponding mixture of conjugate species. Whatever amino acid side chain 
or carbohydrate residue is chosen for the linkage reaction, there will be variations in 
the number and distribution in different Ig molecules. This will lead to variations in 
the extent of agent incorporation which will be superimposed on variations arising 
from the linkage reaction itself as discussed below. The use of MAB avoids heteroge- 
neity in conjugate structure arising from heterogeneity in Ig structure. However, het- 
erogeneity can still arise with monoclonal Ig. Linkage sites, e.g., a particular amino 
acid side chain, will occur in different locations over the accessible surface of the Ig, 
and differing neighboring groups will influence the chemical reactivity at each individ- 
ual site. A given site in a given molecule may or may not become substituted, resulting 
in a distribution in overall incorporation for a population of Ig molecules. Also, the, 
chemical linkage reaction may not be specific and incorporation may occur at more 
than one class of site, with possible variation in retention of inherent agent activity. A 
further ramification of this heterogeneity is the fact that some incorporation may occur 
in a variable manner in the antigen-binding site so as to affect antigen binding. Thus, 
the population of conjugate molecules may vary, not only with respect to total molar 
incorporation per Ig molecule, but also with respect to affinity for antigen. 

Differences in charge, size, hydrophobicity, etc. may not be adequate for separation 
of the mixture of conjugate species by conventional methods. In practice, purification 
has been carried out in many cases simply by gel filtration to remove unbound agent, 
chemical reaction side products, and grossly aggregated Ig. This technique may fail to 
effectively resolve the desired conjugate from polymers of Ig or from unbound high 
molecular weight agents such as protein toxins. However, isoelectric focusing, prepar- 
ative HPLC, various gel electrophoresis techniques, etc. can achieve partial if not com- 
plete resolution. Affinity techniques based on antigen binding are in principle capable 
of eliminating conjugate molecules with little or no binding capacity, while those based 
agent binding can eliminate Ig molecules with little or no agent incorporated. 
In some cases, purification techniques with superior resolution have been used. For 
example, IJckun et al."^ used protein A-Sepharose to purify a conjugate of pokeweed 
antiviral' protein and a monoclonal IgGl. Unconjugated toxin was not adsorbed. The 
IgGl bound weakly to protein A, allowing elution under mild conditions, i.e., with pH 
5 5 citrate. A disadvantage of this approach is that it will not resolve free Ig and con- 
jugate unless there is a distinct difference in the affinity for protein A. In another 
instance, Kato et al."* used preparative disc PAGE to purify drug-pGA-Ig conjugates, 
leading to reported purities for the ternary antibody conjugates of the order of 90%^-^^ 
Purification of toxin-antibody conjugates has been outlined by Cumber et al."' 
With protein-protein conjugates, simply eliminating a low molecular weight fraction 
by gel filtration will not resolve various polymers — trimers, tetramers, etc. — hence 
the desirability of linkage methods that optimize production of 1:1 conjugates. Gel 
filtration using Sephadex® G-200 or Sephacryl S-300 gels will allow separation of 
unreacted toxin chains or whole toxins (which are weakly absorbed by the matrix) and 
higher polymers. Protein A absorbants will allow removal of free toxins since they 
retain antibodies if they are of the appropriate class. Conversely, free antibody can be 
removed by treating conjugates with an adsorbant with affinity for the toxin moiety. 

D. Characterization of Conjugates 

Characterization of conjugates includes: (1) extent of incorporation of agent m ig. 
(2) extent of preservation of the inherent activity of the conjugated agent; and (3) 
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extent of preservation of antibody activity of the Ig. The objective for therapy is selec- 
tive toxicity to a target tissue in vivo. Thus, testing of conjugates has tended to focus 
on measurements of growth inhibition of cells in culture or inoculated into experimen- 
tal animals, without extensive prior chemical or immunological characterization. Prob- 
lems in characterization can arise from the heterogeneity of conjugate preparations. 
However, proper characterization should aid in the design of optimally active conju- 
gates. 

i. Cytotoxic Agent Incorporation and Activity 

If the agent possesses a chromophoric group, incorporation may be determined spec- 
trophotometrically once the molar absorption coefficient has been determined. If a 
radioactive agent is available or can be synthesized, isotope counting can provide a 
sensitive method for measuring incorporation. Toxin-antibody conjugates have been 
characterized by nonreducing SDS-P AGE that can resolve molecular species consisting 
of toxin linked to Ig in molar ratios of 0:1, 1:1, 2:1, 3:1, etc.'*''-^'^ Also, toxin incor- 
poration can be determined by radioiodinated toxin^*' or by soHd-state RIA using an- 
titoxin antibodies. ^^"^ 

Assay of retention of agent activity may be relatively straightforward if the agent 
can interact with the molecular target when it is in bound form. Assays that may be 
applicable include enzyme inhibition, complexing with DNA, etc. The activity in con- 
jugate form of an alkylating agent such as chlorambucil has been determined 
spectrophotometrically^'* and by a fluorescence method. These methods can meas- 
ure both the extent of incorporation and retention of alkylating activity. Advantage 
may be taken of direct interaction with a target molecule as in the case of MTX which 
binds very strongly to DHFR. The capacity of the bound antimetabolite to combine 
with the enzyme is determined by measuring the inhibition of enzyme activity.^"** If a 
decrease in activity is observed, such determinations do not distinguish between a gen- 
eral decrease in binding affinity for conjugated drug and a total incapacity to bind for 
a fraction of the conjugated drug. Binding assays using an immobilized enzyme should 
help in characterization but have not been applied to MTX conjugates. In the case of 
disulfide-linked toxin conjugates, the toxin moiety can be assayed by measuring pro- 
tein synthesis with a reticulocyte lysate.^"^^^ When release of a bound agent is required 
for cytotoxicity, then assay methodology can be designed to take this into account. 
Measurement of inhibition of growth of bacterial cells in culture that are sensitive to 
the agent has been used but cannot always be extrapolated to effects on human or 
experimental tumor cells. 

2. Antibody Activity 

Numerous techniques such as indirect immunofluorescence with target cells and 
ELISA have been used to evaluate conjugates for retention of antibody activity and 
this topic is beyond the scope of the present review. Lindmo et al.^^' have recently 
described a convenient analysis to establish the immunologically active fraction and 
the affinity constant. Their procedure is based upon data from the measurement of the 
binding of isotopically labeled antibody to target cells. This would be useful in distin- 
guishing the presence of a fraction of conjugate molecules that is incapable of binding 
to target antigen and might be eliminated from the preparation by an affinity tech- 
nique. 

E. Binding of Antibodies to Drug-Carrying Liposomes 

The amount of a drug that an antibody can carry may be greatly increased if the 
antibody is bound to liposomes into which the drug is incorporated instead of being 
linked directly to the drug. This is because lipid vesicles can contain many more drug 
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molecules than can be incorporated into an Ig molecule. Drugs do not need any chem- 
ical manipulation for liposomal encapsulation and they are protected by the liposomal 
membrane during transit. Furthermore, the altered pharmacokinetic and metabolic 
properties of liposome encapsulated agents (e.g., slower clearance and catabolism) may 
be therapeutically advantageous.^*"-^*^ The stability of the antibody-liposome bond is 
of prime importance. Several methods for coupling Ig to liposomes via a stable cova- 
lent linkage have been reported,^^"-"' but the efficiency of binding of some is very 
383.387.388 gcvcral othcr methods.^®*-^*^ dialysis in the presence of a detergent is 
used to bind Ig onto lipid vesicles, but the entrapped substance is likely to leak out. 
Martin et al.^" and Goundalkar et al.'*' have described methods which have higher 
efficiency of binding Ig and which avoid dialysis in the presence of a detergent. Ghose 
et al. and others^*' "° have demonstrated that, at least in vitro, antibody-linked drug- 
carrying liposomes aggregate around and bind to target cells.' However, whether the 
liposomal content can reach intracellular target molecules in vitro or in vivo remains 
to be conclusively demonstrated.^«°-^«* Recently, Matthay et al."^ showed that anti- 
body-coated small unilamellar vesicles containing MTX-gamma-aspartate aggregated 
around and were endocytosed by target mouse tumor cells. The size of liposomes ap- 
pears to be critical since adequate endocytosis could take place only with small unila- 
mellar vesicles. Results of studies on the tumor uptake of such targeted small unila- 
mellar vesicles in vivo will be of interest. 

V. CURRENT STATUS OF CYTOTOXIC-AGENT- ANTIBODY 

CONJUGATES 

In this section, the authors will discuss the properties of selected conjugates of low 
molecular weight drugs and protein toxins that illustrate the scope of the field, empha- 
sizing more recent reports. 

A. Antibody-Bound Drugs 

Drugs of greatest current interest for antibody conjugation include daunorubicin 
and adriamycin, MTX, chlorambucil, vindesine, and mitomycin C. Reports have also 
appeared on bleomycin, FUR, ARA-C, and neocarzinostatin. Other drugs that mainly 
were the subject of earlier studies have been reviewed elsewhere. ^^-^^'^^^ These include 
phenylenediamine mustard,^" Trenimon,"' and melfalan."^ 

1. Chlorambucil 

Chlorambucil can bind noncovalently to Ig and possesses a carboxyl group which 
allows for application of various covalent linkage methods. Both covalent and 
noncovalent antibody conjugates that retain drug and antibody activity have been stud- 
ied by several groups. Factors affecting noncovalent binding have been dis- 
cussed, Covalent conjugates using dextran have also been prepared."^ The car- 
bodiimide-mediated linkage gave recoveries of antibody activity that varied depending 
on the antibody used for conjugation. With polyclonal IgG against EL4 cells, up to 40 
mol/mol were incorporated with substantial retention of anti-EL4 antibody activity.''* 
In addition to ECDI-mediated linkage,"® the isocyanate derivative of chlorambucil has 
been reported to react with an anti-CEA antibody to yield a conjugate with 25 mol of 
chlorambucil per mole of Ig and retention of alkylating activity,^"**'^**" but the antibody 
activity was not reported. When this conjugate was assayed in vitro on a human colon 
adenocarcinoma line with continuous exposure, the order of effectiveness was specific 
conjugate > chlorambucil > a mixture of drug and specific antibody > nonspecific 
conjugate. The antibody alone was not cytotoxic. Short-term exposure to the agent 
also showed that the conjugate was more potent than the free drug. The conjugate was 
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no more effective than the free drug on a non-CEA-producing cell line. In vivo assays 
were not carried out. 

Using the noncovalent method of linkage/°^ between 100 and 500 mol of active 
chlorambucil per mole of Ig (after dialysis against PBS overnight) were bound to two 
affinity-purified polyclonal anti-idiotype antibodies against two IgM-secreting human 
lymphoblastoid cell lines (RPMI-6410 and RPMI-8392).*^^ However, the extent of re- 
tention of antibody activity in the conjugate was not reported. A complement-inde- 
pendent *'Cr release cytotoxicity assay showed that the specific conjugate was at least 
threefold more cytotoxic toward target cells than nontarget cells and more effective 
than free drug, drug plus antibody, or drug plus normal rabbit Ig. 

2. MTX 

MTX was. one of the earliest choices for preparing drug-antibody conjugates. 
This antimetabolite is highly potent; its complex formation with the target enzyme 
DHFR is virtually stoichiometric, although an excess is required intracellular ly for 
effective action. MTX contains both amino and carboxyl groups, but manipulation 
of the carboxyl groups is less likely to interfere with enzyme inhibition. The drug is 
commercially available with tritium labeling, either in the glutamate or p-aminoben- 
zoyl moieties so that isotope methods can be employed to determine incorporation and 
uptake and catabolism of its conjugates. "^ ^'"'•^^^ MTX was rendered selectively toxic 
to tumor cells when covalently coupled by an active ester method to a rabbit IgG 
antibody against a TAA on the surface of mouse EL4 lymphoma cells; this conjugate 
inhibited tumor growth more effectively in vivo than did free MTX or MTX linked to 
normal rabbit globulin (NRG).^^* 

More recent studies have dealt with conjugates synthesized with antimelanoma an- 
tibodies and their testing in a human solid tumor xenograft model, which is more 
pertinent to the clinical setting than ascites tumor models. Antimelanoma MAB 
225. 28S reacts with a high molecular weight MAA on the surface of human melanoma 
cells. Using radioiodine-labeled MAB 225. 28S which had been purified by ion-ex- 
change chromatography and gel filtration, Ghose et al. have shown that intravenously 
injected antibody selectively localizes in xenografts of human melanoma in nude 
mice.*^' It was also shown that sera from melanoma-bearing nude mice did not ob- 
struct binding of the specific MAB to melanoma cells. MTX was covalently linked to 
MAB 225. 28S to produce a conjugate with an incorporation ratio of 5 to 6 mol/mol 
of IgG.^°^ It gave a single band on SDS-PAGE, and there was no decrease in membrane 
immunofluorescence titer of antibody activity at the incorporation ratios used. Con- 
jugated MTX was approximately half as inhibitory toward DHFR as the free drug. In 
human melanoma M21 xenografted nude mice, multiple i.v. injections of the MTX- 
MAB conjugate inhibited the tumor more effectively than the MAB, the free drug, or 
the drug-linked to normal mouse IgG.^°^ There was also no tumor inhibition by a 
mixture of MTX and the MAB. A polyclonal rabbit antihuman melanoma IgG carry- 
ing equivalent amounts of MTX was tumor inhibitory but less so than the MTX-MAB 
conjugate. In vitro experiments showed that the MTX-MAB conjugate was less cyto- 
toxic than free MTX, a result that has been obtained with other conjugated drugs. 

Garnett et al.^'* prepared a conjugate of MTX and an antibody against a human 
osteogenic sarcoma cell line, MAB 791T/36, which had been purified by chrom- 
atography on protein-A Sepharose. They used HSA as a multivalent intermediary. 
The methodology entailed introduction of sulfur-containing moieties preparatory 
to forming a thioether linkage. HSA was reacted with SPDP to yield PDT-HSA, 
with an incorporation ratio of 2.^*^ MTX was incorporated into the PDT-HSA inter- 
mediary using ECDI at a molar ratio of 100:70:1 (ECDI:MTX:PDT-HSA). The mon- 
omer peak obtained by gel chromatography of PDT-HSA-MTX (molar incorporation 
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ratio 32 mol of MTX per mole of HSA) was used for synthesizing the ternary conju- 
gate. PDT-HSA-MTX was reduced to the corresponding free -SH derivative by treat- 
ment with DTT and reacted in a 4:1 molar ratio with iodoacetyl-IgG (molar incorpo- 
ration ratio 2) which had been prepared by reaction of IgG with N-succinimidyl 
iodoacetate."' Fractogel TSK HW55s partially resolved MTX-HSA, unconjugated 
IgG, the ternary conjugate, and higher polymers. labeling of HSA aided in char- 
acterizing column fractions and allowed calculation of the molar ratio of HSA to IgG 
in addition to MTX in the final product. The final stoichiometry in the pooled ternary 
conjugate fractions was reported to be 1 to 3 mol of MTX-HSA (each carrying 32 mol 
of MTX) per mole of MAB 79IT/36. A competition assay using flow cytofluorimetry 
showed that 28% of antibody activity was retained after conjugation. 

In a cytotoxicity assay based on ^*Se-methionine incorporation in vitro, MTX bound 
to HSA was much less toxic than free MTX toward either target or nontarget cells. 
MTX in the ternary MAB conjugate was about as toxic as the free drug toward target 
cells and as toxic as MTX-HSA toward nontarget cells. Antibody alone had little effect 
on either type of cell. Cytotoxicity assay based on pulse exposure to the test-agent of 
15 min followed by culturing in test agent-free medium showed that the ternary con- 
jugate was more toxic than free MTX toward target cells but essentially nontoxic to- 
ward nontarget cells. Finally, a clonogenic assay with 5 days of continuous exposure 
gave Iso values of 4 ng/mi for both MTX and the ternary conjugate. A competition 
experiment with free antibody showed the cytotoxicity was strictly dependent on bind- 
ing of the drug-carrying specific antibody to the cells. 

Embleton et al. have evaluated the effectiveness of a MTX-HSA-MAB-791T/36 con- 
jugate on human sarcoma xenografts in nude mice/*® Multiple doses of test agent of 
2.5 mg/kg (MTX equivalent) were given up to day 22 after s.c. tumor inoculation. The 
tumor diameters at day 32 were 5.6, 3.1, and 8.6 mm when the test agents were MTX, 
MTX-HSA-MAB, and PBS, respectively. However, six of ten mice treated with free 
MTX died, whereas there were no toxic deaths in the conjugate-treated group. Garnett 
and Baldwin have recently improved the synthesis of MTX-HSA-MAB conjugates. 
They omitted the SPDP-based introduction of a free -SH group in the HSA and instead 
reduced the MTX-HSA binary complex itself with DTT to provide the 
-SH site for conjugation with iodoacetylated antibody. Up to 38 mol of MTX were 
incorporated per mole of HSA and the ternary conjugate retained 32 to 35% of anti- 
body activity. ^*Se-methionine uptake and colony inhibition assays demonstrated that 
the new conjugate was more toxic than MTX toward antigen-containing cell lines and 
was more toxic than the conjugate produced by their former method.^*' Separation of 
different molecular weight fractions by HPLC showed that all were cytotoxic. 

Instead of HSA, Manabe et al/*° have used a dextran-based method to conjugate 
MTX to IgG which is essentially the same as that used for bleomycin"® and for mito- 
mycin C.^" Polyaldehyde dextran was incubated with a murine anti-HLA IgG for 24 
hr followed by addition of MTX and further incubation for 24 hr giving the composite 
inline product. Finally, stabilization was achieved by borohydride treatment. The best 
MTX incorporation was approximately 9 mol/mol of IgG, not very high considering 
the use of the multivalent spacer. Inhibition of DHFR activity was used as a gauge of 
retention of drug activity. The incorporated MTX assayed by spectrophotometry re- 
tained 46% of its DHFR inhibitory activity. Membrane immunofluorescence assay 
showed retention of 85 to 90% of antibody activity. 

Cytotoxicity assays used two bases for comparison. In one, more conjugated MTX 
than free MTX was added to cell suspensions to compensate for the apparent loss of 
DHFR inhibitory effect on conjugation. Cytotoxicity assay after 3 days of continuous 
exposure to the test agents revealed that the conjugate was 18-fold more toxic to target 
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BALL-1 cells than the free drug and 7-fold more toxic than the corresponding nonspe- 
cific Ig conjugate. All these test agents had similar toxicity toward nontarget cells. 
Thus, conjugation increased cytotoxicity irrespective of specificity. Also, the superi- 
ority in vitro over free MTX was in contrast to the behavior of the conjugate in which 
MTX was directly linked to antimelanoma antibodies studied by Ghose et al.^°^ 

The second set of assays entailed a 2-hr pulse exposure to equimolar concentrations 
of MTX, free or conjugated. The I50 for the specific conjugate measured against HLA- 
containing NALL-1 cells was 1.24 x io~* Mand measured against HLA-lacking NS-1 
cells was 2.9 x 10"* M, the difference being statistically significant. Free MTX was 
equally cytotoxic toward these cell lines, having an I50 around 10"* M. Binary MTX- 
dextran conjugates were not investigated. Thus, the cytotoxic properties can vary sub- 
stantially depending on the assay conditions. After pulse exposure, the specific conju- 
gate was not a great deal more effective against target cells than against nontarget cells. 
It was suggested that the HSA intermediary lends itself better than dextran*'* to devel- 
opment of improved lysosomotropic linkages. 

The approach to conjugation of MTX taken by Manabe et aL^*° was distinctive in 
that it involved reaction at the pteridine ring moiety. Kulkarni et al.^^"* had conjugated 
MTX through its carboxyl groups because of the importance of the pteridine ring in 
interaction with DHFR. In this study by Manabe et al.,^*° it was possible to synthesize 
cytotoxic conjugates using the amino groups of the pteridine ring. Moreover, the 
bound drug was still at least partly capable of interacting with DHFR and the authors 
pointed out that possibly only the MTX molecules linked via the 2-amino rather than 
the 4-amino group are active, the 4-substituent being the more critical one. Linkage 
through the latter group could contribute to loss of ability to bind to the active site of 
DHFR after conjugation. Cytotoxicity could be postulated to occur in the cell culture 
assay due to release of free drug by cellular catabolism, but this would not explain the 
DHFR inhibition findings with the intact conjugate. 

Shen and Ryser^''^ have developed a system for targeting to Fc receptor-bearing cells 
based on the fact that Fc receptors will bind antigen-antibody complexes. A polyclonal 
rabbit anti-HSA antiserum was used to form immune complexes with a binary conju- 
gate of tritiated MTX and HSA (18 mol of drug per mole of HSA). Cytotoxicity was 
assayed by exposing monolayer cultured cells to test agent and then counting cells after 
5 to 10 days growth. Tumor cells bearing Fc receptors (lines M5076 and WEHI) became 
associated with significant amounts of tritium and were killed only in the presence of 
both MTX-HSA (30 nMwith respect to MTX) and antiserum, not MTX-HSA alone. 
That the cell-associated radioactivity represented uptake was shown by the fact that 
MTX-transport deficient cells as well as cells capable of taking up free MTX were 
inhibited from growing by MTX-HSA and antiserum. Extracellular release of MTX 
from the HSA could not have led to inhibition of the transport deficient cells. These 
studies also showed that phagocytic and nonphagocytic cell lines with Fc receptors were 
equally susceptible to HSA-conjugated MTX plus antiserum. Protein A, which blocks 
the Fc interaction with the surface receptor, counteracted cytotoxicity, as did excess 
unsubstituted HSA. 

5. Anthracycline Glycosides 

Daunorubicin has been conjugated by several methods to different macromolecular 
carriers.^" Adriamycin has been less well studied and behaves differently toward cer- 
tain linkage procedures. An important early comparative study by Hurwitz et al."^^ 
showed that the homobifunctional reagent glutaraldehyde could form conjugates of 
daunorubicin by linking presumably via the drug amino group and protein amino 
groups, but with serious aggregation problems. Single-stage coupling with a water- 
soluble carbodiimide resulted in substantial loss of activity. Periodate-based coupling 
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turned out to be the best of the three approaches tried at that time. Direct conjugation 
was achieved by oxidizing the sugar residue and forming imines with protein amino 
groups, resulting in incorporation of 2 to 5 mol of drug per mole of Ig. Stabilization 
was accomplished by treatment with borohydride. The chemical structure of the 
linkage group resulting from the periodate method has not been well worked out. It 
has been suggested^'*^'^^' that oxazolidine derivatives are formed or that not all imines 
are reduced since daunorubicin conjugated by a nonhydrolyzable single sulfur link did 
not exhibit drug activity in vitro. A number of other conjugation approaches applied 
to this drug have also been outlined in the section on methods of linkage. 

Several glutaraldehyde-based direct conjugation studies illustrate different ap- 
proaches to targeting. Sehon and co-workers coupled daunorubicin to a goat antifibrin 
antibody, the rationale being that fibrin is present in both animal and human tumors 
and thus may be a suitable target. The conjugate had 1 to 2 mol of drug per mole of 
IgG; antibody activity was retained. They used a *^*I-labeled antibody to demonstrate 
that localization occurred in vivo."**" In vitro cytotoxicity assay on a methylcholan- 
threne-induced guinea pig sarcoma revealed the conjugate to be equally effective as 
free daunorubicin. "^^^ Multiple intratumoral injections into established sarcomas in 
guinea pigs led to complete tumor rejection in 50% of the animals. Neither free drug 
nor antibody inhibited tumor growth. While tumor inhibition after local injection 
could be due to sustained release of free drug at the tumor site or release intracellularly 
after endocytosis, these authors pointed out that tumor immunity induced by conju- 
gate action on tumor cells could also be involved. 

To minimize polymerization and precipitation of Ig during aldehyde-based conju- 
gation procedures, Belles-Isles and Page^^*-^^* subjected daunorubicin and polyclonal 
or monoclonal rabbit antihuman CEA IgG to a short incubation at 37°C with 0.01% 
glutaraldehyde at pH 7.2. They obtained a conjugate with an incorporation ratio of 2 
mol/mol of Ig. Antibody activity was not reported. Three different in vitro assays, 
including continuous and pulse exposures, revealed the conjugate to be the most potent 
inhibitor. For in vivo assay, this group injected intraperitoneally every other day for 
30 days a polyclonal anti-CEA-IgO-daunorubicin conjugate (5 mol of drug per mole 
of Ig) into nude mice carrying xenografts of LoVo cells measuring approximately 4 
mm in diameter. The conjugate, free antibody, and free drug were not significantly 
different from PBS controls during the first 30 days. However, growth of tumors in 
conjugate-treated animals then leveled off during next 40 to 50 days, before finally 
increasing again. Prior studies had demonstrated the localization of labeled anti-CEA 
antibody in human colonic carcinoma xenografts in nude mice.^*®""*^" 

A comparative study of four different direct linkage groups has been carried out by 
Gallego et al.,^^"* using the same mouse antihuman osteogenic sarcoma IgG2b 791R/36 
used by Embleton et al.'*^* to prepare MTX conjugates. Conjugates 1 and 2 were pre- 
pared from 14-bromodaunorubicin. For conjugate 1, the coupling procedure was 
based on that of Zunino et al.,^^* i.e., reaction of a 25-fold molar excess of 14-bro- 
modaunorubicin with amino groups of the Ig at pH 7.5. Zunino et al."^ had shown 
that protein conjugates prepared with this derivative inhibited colony formation by 
HeLa cells,, but to a substantially lower extent than the free drug. For synthesis of 
conjugate 2, SPDP was first used to introduce three to four -SH groups into the IgG; 
reaction at pH 4.5 with a tenfold molar excess of bromodaunorubicin produced a 
thioether-linked conjugate. The bromo derivative was reported not to react with pro- 
tein amino groups under these conditions."^ Another linkage method entailed incor- 
poration of an acid labile c/s-aconityl spacer linked to both daunorubicin and Ig by 
amide bonds to form conjugate 3. Coupling at pH 7 was carried out by adding ECDI 
to IgG mixed with a 25-fold molar excess of carboxy drug. Conjugate 4 was similarly 
prepared, except that the spacer was a succinyl group which should not be as readily 
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susceptible to hydrolysis in the lysosomal milieu."^ The incorporation was 3 to 4 mol 
of drug per mole of IgG for all daunorubicins. Three assays were used to measure 
retention of antibody activity: direct and indirect membrane immunofluorescence and 
competitive inhibition of binding of fluorescin isothiocyanate (FITC)-labeled antibody 
by conjugate. Conjugate 1 showed complete retention of antibody activity in all assay 
systems. Conjugates 2 and 3 showed some loss of antibody activity, the extent varying 
with the assay method. In vitro cytotoxicity assay based on '*Se-methionine incorpo- 
ration, either with 24-hr continuous exposure or after pulse exposure for 30 min, 
showed that the succinyl-linked conjugate had no cytotoxicity. After continuous ex- 
posure, the other three conjugates were approximately tenfold less potent than the free 
drug and could not discriminate between target and nontarget cells. Some target cell 
selectivity could be seen after 30 min pulse exposures to all three conjugates. Based on 
retention of antibody activity, cytotoxicity, and selectivity, the cis-aconityl conjugate 
was thought to be the most effective. 

The intermediary, pGA, has been used to link daunorubicin to an affinity-purified 
polyclonal anti-AFP antibody. The conjugation method was as outlined under 
Section IV, Methods of Linkage. ECDI was used for coupling of the drug to PDT- 
pGA (average molecular mass 13 to 15 kdaltons) using a molar ratio of ECDI to dau- 
norubicin to R-S-S-pGA equal to 85:13:1 . In the subsequent reaction to form the ter- 
nary daunorubicin-pGA-Ig conjugate, daunorubicin-substituted R-S-S-pGA was re- 
acted with maleimide-substituted anti-AFP Ig or with an equivalent amount of 
maleimide-substituted normal horse Ig (nIg) for the control conjugate. The incorpo- 
ration was 10 to 20 mol of drug per mole of Ig, depending on the molar ratio (4 to 10) 
of daunorubicin-substituted R-S-S-pGA-to-maleimide-substituted Ig in the reaction 
mixture. The extent of retention of antibody activity was not reported. A cytotoxicity 
assay in vitro after continuous exposure of AH66 hepatoma cells to agents for 18 hr 
showed that the order of effectiveness was nig < anti-AFP < daunorubicin, daunorub- 
icin-pGA, daunorubicin-pGA-nIg < daunorubicin-pGA-anti-AFP. Normal Ig at a con- 
centration equal to that used for the highest level of conjugate had no effect, whereas 
30 fig/ mi of drug bound in the specific ternary conjugate gave virtually total inhibition 
of growth. In an in vitro-in vivo assay, AH66 ascites tumor cells were exposed to the 
test agents in vitro at 37° C for 30 min and then inoculated intraperitoneally into syn- 
geneic rats. The longest survival of tumor-inoculated rats was observed when the cells 
had been exposed to the specific ternary conjugate, namely, 53 days compared to 18 
days for recipients of PBS-control cells. The survival of rats that received AFP- or 
daunorubicin-treated cells was also prolonged to 35 and 45 days, respectively. There 
was no synergism with a mixture of anti-AFP Ig and free daunorubicin. The nonspe- 
cific binary and ternary conjugates were about as effective tumor inhibitors as the free 
drug. When tumor-inoculated animals were given multiple doses of test agents over a 
9- or 15-day period, the specific ternary conjugate gave the greatest prolongation of 
survival, including a proportion of long-term survivors. 

The cytotoxicity observed with this ternary IgG conjugate, in which daunorubicin 
was linked to pGA by using ECDI, is in contrast to the observed loss of drug activity 
after ECDI-mediated direct Unkage to an antibody.^'^ It is possible that the cytotoxicity 
of the ternary conjugate is due to susceptibility to hydrolysis of the amide bond involv- 
ing the gamma carboxyl of glutamate, releasing free drug, or that pGA can be hydro- 
lyzed intracellularly to produce a cytotoxic fragment comprising a gamma-glutamyl 
derivative of the drug. It is also pertinent to determine whether the intact ternary con- 
jugate can interact with DNA in vitro. Tsukada et al.^" pointed out that the approach 
taken by Shen and Ryser"^ '*"*^" in comparing cytotoxicity and uptake of poly-L- and 
poly-D-lysine conjugates could be applicable to elucidating the mode of action of this 
pGA-based conjugate. 
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Daunorubicin was also coupled to a 12-k:dalton pGA derivative synthesized by po- 
lymerization with cystamine.^" ECDI incorporated 6.5 mol of drug per mole of R-S- 
S-CH2-CH2-PGA. Ternary drug-pGA-antibody conjugates were again prepared with 
maleimide-substituted anti-AFP and with nig for the control conjugate. Preparative 
disc PAGE was used to achieve a reported purification of approximately 90*^o. The 
incorporation ratio of drug to Ig was 7 to 7.5 and almost all antibody activity was 
retained as determined by a precipitation assay with ^^-^I-labeled AFP. In vitro cytotox- 
icity assay after continuous exposure of AH66 cells for 48 hr to the test agents showed 
the order of effectiveness to be specific ternary daunorubicin-pGA-anti-AFP > dau- 
norubicin = daunorubicin-pGA = daunorubicin plus anti-AFP IgG = daunorubicin- 
pGA plus anti-AFP IgG > anti-AFP = daunorubicin-pGA-nlg. There was no effect 
with nig. In contrast, with a non-anti-AFP-secreting cell line, AH272, the specific and 
nonspecific ternary conjugates were equally cytotoxic. However, this effect was slightly 
less than that of the free drug under these conditions. Neither nig nor anti-AFP Ig had 
any effect on this cell line. 

Dextran has also been used as an intermediary to increase daunorubicin incorpora- 
tion. The methodology was an extension of that used by Bernstein et al.'*^'* to prepare 
binary daunorubicin-dextran conjugates. Polyaldehyde-dextran of a molecular mass of 
10 kdaltons was incubated with daunorubicin for 20 hr and then affinity-purified anti- 
Yac IgG was added for a further 20 hr, followed by borohydride."*" The drug incor- 
poration was 2 to 3 mol/mol of dextran and 25 mol/mol of IgG. There was a 40% loss 
of antibody activity in the conjugate. An early ternary conjugate was less effective than 
the free drug in vitro and was no better than the binary dextran or ternary nonspecific 
Ig conjugate in vivo at high doses. Subsequently produced ternary conjugates utilizing 
both whole Ig and F(ab')2 from an affinity-purified polyclonal horse anti-rat AFP 
IgG"**^ had a substantial loss of antibody activity, but in an in vitro assay involving 
continuous exposure of AH66 cells to test agents for 48 hr, the specific conjugate was 
claimed to be 100 times more cytotoxic than a mixture of antibody and drug unlinked, 
which showed modest synergism. The nonspecific conjugate was no more effective 
than the free drug. Preincubation of cells with the specific conjugate prior to inocula- 
tion into rats led to five out of ten long-term tumor-resistant survivors, whereas all 
control animals died. The i.p. administration of the specific conjugate to tumor-bear- 
ing rats gave an average survival of 64 days compared to 16 days for control animals. 
Average survival times ranged from 33 to 45 days for rats given free drug, specific 
antibody, or a mixture of the two. It was pointed out by the authors that low levels of 
AFP in the group receiving the conjugate showed that AFP-producing tumor cells were 
being selectively inhibited. ' 

Using dextran, Hurwitz et al.'*^* could incorporate 50 mol of daunorubicin per mole 
of an affinity-purified anti-idiotypic antibody or its F(ab')2 fragment directed against 
a clonally expressed cell-surface IgM of a B-cell lymphoma. The ternary antibody con- 
jugate exhibited an approximately 50*^o loss of binding to target cells. In vitro cytotox- 
icity assay based on inhibition of tritiated thymidine uptake by 38C cells showed the 
order of effectiveness to be free drug > specific F(ab')2 conjugate > specific whole Ig 
conjugate = nonspecific Ig conjugate. In i.p. tumor-bearing animals, the specific con- 
jugate was more effective than the free drug when given intraperitoneally but not much 
better than the free drug when given intravenously. There was a reduction in systemic 
toxicity of conjugated daunorubicin so that higher doses could be given, producing 
effective tumor inhibition. At these higher dose levels, the specific conjugate was more 
effective than the nonspecific conjugate, producing cures in a proportion of animals. 
F(ab')2 conjugates were less effective than whole Ig conjugates, and increasing the 
tumor burden above 10,000 cells also lowered the effectiveness of conjugates. 

Pimm et al,^^' conjugated 18 to 28 mol of adriamycin to a monoclonal IgG2b against 
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rat mammary carcinoma Sp4 following the method described for linking daunorubicin 
to anti-Yac IgG. An in vitro-in vivo assay, in which test agent-pretreated Sp4 cells were 
inoculated into rats, showed that tumor growth was retarded by the specific conjugate 
but not by free adriamycin or a nonspecific conjugate. When s.c. tumor-inoculated 
rats were treated with multiple i.p. doses of test agent, dosages of the order of 500 ^g/ 
kg for the free drug were required to inhibit tumor growth significantly, but the specific 
conjugate exerted a distinct effect at adriamycin doses of 30 to 75 Mg/kg. Survival 
ranged from 30 to 50 days for control animals and from 60 to 90 days for animals 
treated with the specific conjugate. Antibody alone had no effect on tumor growth and 
synergism between free drug and antibody was not observed. These authors concluded 
that this conjugate and test system gave results superior to those obtained by Hurwitz 
et al. with anti-Yac antibodies.''" There was evidence for preferential tumor localiza- 
tion of radiolabeled antibody. 

Ghose et al.'^*^*"* successively reacted polyaldehyde dextran T40 with adriamycin and 
antimouse renal cell carcinoma IgG without borohydride reduction. There was no loss 
of drug from the conjugate on repeated dialysis. Adriamycin-dextran-IgG conjugates 
had less systemic toxicity than the free drug. When renal cell-carcinoma-bearing mice 
were given i.v. injections of equitoxic doses of test agents for 7 successive days, the 
order of antitumor effect was specific conjugate > nonspecific conjugate > free drug. 
Only the specific conjugate could produce long-term survival in a proportion of treated 
mice. 

4. Vindesine (Desacetylvinblastine Amide) 

Vindesine has been investigated for antibody-mediated targeting by Rowland and 
co-workers.^^^-^^^ Rowland has pointed out that effective clinical dosages of vindesine 
are 10 to 100 times lower than other drugs that have been linked to antibodies, e.g., 
the potency is intermediate between other anticancer drugs and toxins.'*" Vindesine 
also has a phase-specific antimitotic effect, whereas toxins linked to antibodies could 
affect both dividing and nondividing cells that took up conjugate nonspecifically.^^**^^* 
Vinblastine derivatives have a carboxy function (C23) which can be variously substi- 
tuted without loss of cytotoxicity.^" For example, desacetylvinblastine possesses a 
methyl ester while vindesine has an amide. The most common conjugation procedure 
has been to first react desacetylvinblastine with nitrous acid.''^ The resulting azide need 
not be isolated, but can be reacted directly with the Ig at pH 9.^"'^" The site of linkage 
has not been identified but is presumed to be the epsilon amino group of lysine. 
Incorporation ratios of 4 to 11 mol/mol of IgG have been reported.''" '*^' Conjugates 
prepared with mouse monoclonal antiosteogenic sarcoma IgG2b were shown to retain 
essentially full antibody activity based on a competitive binding assay. ""^^ Conjugates 
prepared with a polyclonal sheep anti-CEA preparation were observed to localize on 
target cells. ""^^ 

Vindesine-antibody conjugates have been evaluated by an in vitro indirect targeting 
assay using tumor cells coated with an appropriate rabbit antibody. '•^^ The vindesine- 
antirabbit-Ig conjugate produced significant inhibition of antibody-coated cells but not 
uncoated cells. In another in vitro assay involving inhibition of incorporation of ^*Se- 
methionine into osteogenic sarcoma cells, target-specific inhibition could not be dem- 
onstrated. However, after pulse exposure, the conjugated drug was less cytotoxic by 
several orders of magnitude than the free drug but selective toward target cells. 
When vindesine was conjugated to a polyclonal sheep anti-CEA antibody, exposure of 
CEA-bearing CALU-6 cells showed that the conjugate was considerably more potent 
than free vindesine, a mixture of vindesine and antibody, or a conjugate synthesized 
with normal sheep IgG.''" Evidence for localization of the specific conjugates in sar- 
coma-bearing nude mice was obtained by using a radioiodinated conjugate. The tissue- 
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to-blood ratio was of the order of threefold greater for tumor tissue than for any other 
tissue. In other experiments, it was shown that the cytotoxicity of vindesine conjugated 
to a monoclonal anti-p97 antibody toward different melanoma cell lines varied directly 
with the surface density of p97 antigen. Repeated injections (ten during 34 days) of 
two different conjugates with monoclonal anti-CEA antibodies (an IgG2a and an 
IgGl, respectively) were administered to human colorectal carcinoma-bearing nude 
mice. There was substantial suppression of tumor growth compared to controls up to 
approximately 60 days with both conjugates, after which tumor growth accelerated in 
the animals given the IgG2a conjugate. In contrast, the IgGl conjugate suppressed 
tumor growth until 90 days, the reported duration of the experiment.^" Ford et al."^^ 
were able to show that a radiolabeled conjugate of vindesine and a polyclonal sheep 
anti-CEA antibody localized in five out of eight patients with advanced colorectal and 
ovarian carcinoma. No measurements of antitumor effects were reported. 

5. Nucleosides 

Hurwitz et al.^^* have investigated two nucleotide analogs, ARA-C and FUR, which 
are competitive inhibitors of DNA synthetic enyzmes. Both possess vicinal hydroxyl 
groups in their sugar moieties, and cytosine has an amino group as a potential linkage 
site. Modification of either of these groups might be expected to affect the interaction 
with target molecules in vivo but the amino group may be more critical. Linkage of 
ARA-C to an affinity-purified goat antibody against surface IgM on 38C leukemia 
cells was carried out by reacting polyaldehyde dextran with the drug and then with the 
IgM. Finally, sodium cyanoborohydride was used to stabilize the linkage. A total of 
25 to 60 mol of tritium-labeled drug was bound per mole of IgM with almost full 
retention of antibody activity. The antitumor effect was assayed in vitro by enumera- 
tion of viable 38C cells or by inhibition of incorporation of [methyl-^H] -thymidine 
and/or -uridine after pulse exposure to test agent for either 2 or 24 hr. It was found 
that the drug-dextran conjugate and drug-dextran-antibody conjugate were somewhat 
more effective than the free drug at certain concentration levels. Some specificity to- 
ward target tumor cells could also be seen with the antibody conjugate. 

The linkage methodology for conjugation of FUR also used dextran as intermediary, 
but in this case the nucleoside sugar residue was oxidized with periodate rather than 
the dextran. This produced two vicinal aldehyde groups capable of reacting with the 
hydrazide derivative of dextran. The binary hydrazone conjugate was linked to the IgM 
using glutaraldehyde and stabilization by reduction was not carried out. There was 
incorporation of 7 to 24 mol of tritium-labeled FUR per mole of Ig with retention of 
most of the antibody activity, although less than in the ARA-C conjugate. Using the 
same in vitro assays as with ARA-C conjugates, it was found that at high drug concen- 
trations (1 ^xg/ml) there was no marked difference in the inhibitory effects of the free 
drug and the binary and ternary conjugates. The inhibitory effects of conjugates were 
compared to fluorouracil rather than FUR since the sugar ring in effect. had been de- 
stroyed by oxidation. Thus, one could postulate that the base rather than the nucleo- 
side would be released from the conjugate intracellularly and converted both to 
FUMP, which is incorporated into RNA, and to FUdMP, which inhibits thymidylate 
synthetase. However, these authors pointed out that it is possible that the conjugates 
could operate via a mechanism different from that of the free drug. 

5. Bleomycin 

Bleomycin has been linked to a murine anti-HLA IgGl MAB by Manabe et al."* 
Polyaldehyde dextran was first incubated with bleomycin and then with the IgG fol- 
lowed by borohydride treatment. A total of 58 mol of drug was incorporated per mole 
of IgG. Assay of the activity of the agent by growth inhibition of Mycobacterium 
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smegmatis gave an apparent retention of 18% of drug activity. There was complete 
retention of antibody activity when measured by membrane immunofluorescence. The 
ternary bleomycin conjugate was 15-fold more toxic to cells possessing HLA than was 
free bleomycin but significantly less toxic than free bleomycin toward cells lacking 
target HLA. 

7. Mitomycin C 

Mitomycin C has been studied by two groups of investigators who took distinctly 
different approaches to conjugation. Kato et al.^^* coupled this agent to a poly- 
clonal horse anti-AFP Ig at the N-la position by using a glutaric acid-based spacer 
arm. A 4-carboxybutyryl substitu6nrwas attached to the mitomycin C by reaction with 
glutaric anhydride. The corresponding active ester was then synthesized by reaction 
with NHS and dicyclohexylcarbodiimide. Coupling with the Ig was effected with a 20- 
fold molar excess of the drug derivative to achieve an incorporation ratio of 8 mol of 
drug per mole of Ig. This method avoids Ig polymerization and allowed higher protein 
recoveries and higher incorporation ratios than a previously used cyanogen bromide 
method. "^^^ The aziridyl amide linkage was slowly hydrolyzed with a half-life of 2.6 
days at pH 7.4 and 0.4 days at pH 4, which may facilitate lysosomal breakdown. A 
fivefold increase in cytotoxicity in vitro toward target AH66 hepatoma cells was 
achieved with the specific conjugate in comparison with a mixture of free drug and 
antibody. A nonspecific conjugate was approximately as inhibitory as the free drug. 
Multiple i.p. injections over a 10-day period of the specific conjugate to i.p. tumor- 
inoculated rats were able to prolong mean survival from 17 days (saline controls) to 57 
days. Mean survival was 23 days for the free drug group and 28 days for the nonspe- 
cific conjugate group. In the second approach, Manabe et'al.^*' used dextran to pre- 
pare a conjugate with monoclonal anti-H-1 IgGl antibody in essentially the same way 
as described for MTX,^*° etc. except that the reaction order was Ig followed by mito- 
mycin C. The incorporation was 88 mol of drug per mole of IgG. Based on an assay 
of growth inhibition of Escherichia coli, conjugated mitomycin C was found to be 
2.4% as effective as the free antibiotic. Membrane immunofluorescence of target tu- 
mor cells revealed substantial retention of activity in the conjugates and the conjugate 
was tenfold more cytotoxic toward target cells in vitro than the free agent. 

8. Neocarzinostatin 

Neocarzinostatin consists of an acidic protein complexed to a cytotoxic chromo- 
phore producing DNA damage. Kimura et al.^^' "*^* have conjugated this antibiotic pro- 
tein to a rabbit IgG against a human leukemia cell line (NALL-1) using ECDI. Indirect 
membrane immunofluorescence (FITC-labeled goat antirabbit IgG) showed that anti- 
body activity was retained. The specific conjugate inhibited growth of NALL-1 cells to 
the same extent as free neocarzinostatin in a continuous exposure assay but, after pulse 
exposure, to a greater extent than neocarzinostatin alone or neocarzinostatin conju- 
gated to normal rabbit IgG. Inhibition of tritiated thymidine deoxyriboside uptake by 
antibody-linked neocarzinostatin was greater than by free neocarzinostatin or antibody 
or by neocarzinostatin plus antibody unlinked. The order of effectiveness after i.p. 
administration of agents to immunosuppressed Syrian hamsters inoculated intraperi- 
toneally with 5 x lO*^ BALL-1 cells was specific conjugate > neocarzinostatin Hnked to 
NRG or neocarzinostatin plus antibody or neocarzinostatin > antibody or saline. If 
tumors were inoculated subcutaneously, the effectiveness of the specific conjugate was 
no greater than neocarzinostatin alone, neocarzinostatin plus antibody, or neocarzi- 
nostatin linked to normal rabbit IgG. Luders and co-workers used SPDP to effect a 
disulfide linkage between the apoprotein of neocarzinostatin and an IgGl MAB against 
a high molecular weight antigen (A- 1-43) on the human melanoma cell line A-375.^^*° 
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The ternary conjugate was purified with Protein A Sepharose and then the biologically 
active chromophore of neocarzinostatin was added in excess to form the specific drug 
complex. In this method, the apoenzyme is essentially being used as an intermediary. 
The specific conjugate was 100-fold more toxic toward A-375 cells, as measured by 
tritiated-thymidine uptake, than free neocarzinostatin or neocarzinostatin conjugated 
to normal mouse IgGl. There was also a selectivity factor of 40 to 50 observed in 
comparing the action of the specific conjugate on antigen-positive and antigen-negative 
cells. 

B. Antibody-Bound Toxins 

Considerable interest has developed in the use of catalytically active protein toxins 
for conjugate preparation. In the category of catalytic agents, one could include essen- 
tially any enzyme capable of disrupting membrane constituents (e.g., phospholipase- 
C*'*), intracellular DNA or RNA (e.g., ribonuclease), or various intracellular proteins. 
However, the emphasis has been on the group of bacteria- and plant-derived polypep- 
tide/protein agents categorized as toxins. Toxins that have been conjugated to antibod- 
ies include gelonin, pokeweed antiviral protein, abrin, ricin, diphtheria toxin, and 
Pseudon7ona5 exotoxin. There are two main types: single-chain toxins and linked poly- 
peptides. The linked polypeptides consist of a A chain which is the cytotoxic entity 
and a B chain which is a lectin responsible for binding to cell surface carbohydrate 
moieties. For example, the B chain of ricin binds at cell surface galactose-containing 
moieties and also plays a role in transfer of the A chain to the cytoplasm. If the B 
chain is removed by cleavage of the disulfide linkage, then the isolated A chain is likely 
to exhibit cytotoxicity toward whole cells that is of the order of 5 to 6 logs less than 
the intact toxin. However, the isolated A chain retains its ability to inhibit protein 
synthesis as measured in a cell-free system. The literature has been reviewed in recent 
years. Also, the authors have considered some of the special 
features of linking a polypeptide or protein to an antibody in Section IV on methods 
of linkage. 

In general, there are two major modes of action by which agents exert their cytotoxic 
effect. An agent can either interact stoichiometrically with its target molecule and 
block the target molecule's normal function or it can enzymatically modify the target 
molecule so that it is rendered nonfunctional. If action is stoichiometric, then a suffi- 
cient concentration of the agent must be attained to incapacitate a critical proportion 
of the target molecules. Incapacitation will depend on the relative concentrations of 
agent and target molecule and the equilibrium constant governing the interaction be- 
tween them. The interaction between MTX and DHFR is illustrative. MTX binds ex- 
tremely tightly to this enzyme and thus inactivates it. However, the usual intracellular 
level of DHFR apparently exceeds that required for cell viability by a substantial mar- 
gin so the required extent of inactivation is high. It has been shown that the intracell- 
ular concentration of MTX must exceed that of DHFR to be cytotoxic. ''"^ Further- 
more, the fraction inactivated may drop below the critical value during therapy because 
of increases in the intracellular level of DHFR or decreases in its affinity for MTX. 

Agents that exert their effect by catalyzing an inactivating reaction can be cytotoxic 
at very low concentrations. They can in principle continue to act on newly synthesized 
target molecules as long as they themselves are not inactivated, e.g., by intracellular 
hydrolases. It has been estimated for at least certain toxins that as little as one molecule 
per cell may be sufficient for exerting a cytotoxic effect. This very high potency 
renders the requirement for specificity in the carrier even more stringent and requires 
that the purification procedure applied to a conjugate eliminate, to the greatest extent 
possible, residual contamination by unreacted whole toxin molecules. In the case of 
antibodies, this implies low cross-reactivity toward antigens on normal cells, low levels 
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of the tumor antigen marker in normal tissues, and low uptake by phagocytic cells. 
Since the targets of protein toxins are intracellular, endocytosis of conjugated toxin or 
its A chain is essential. As with agents in general, an ineffective conjugate will result if 
the carrier antibody has low affinity or the complex with the target antigen is not easily 
endocytosed because of size or other factors relating to the nature of the antibody or 
its target antigens. Theoretically, for specific targeting, it is tempting to remove the 
toxin B chains that bind to a >yide variety of cells so that the specificity of the carrier 
antibody selectively targets the A chain. However, there is a wide variation in the 
uptake of A chain conjugates. The B chain seems to augment the internalization of 
conjugates. For example, it has been observed that the presence of the ricin B chain in 
conjugates seems to facilitate action of the A chain on target cells even when direct B- 
chain binding to cell membrane receptors is blocked by lactose.^^*'^^" Nevertheless, 
active A-chain conjugates have been obtained. 

For designing effective whole toxin conjugates, it is desirable to avoid intra- and 
intermolecular cross-linkage that can result in loss of antibody and toxin activities, 
e.g., through blockage of the respective combining or active sites, through covalent 
linkage between the A and B chains of the toxin, etc."'*' A common choice of linkage 
group is the disulfide bridge, and its utility for this purpose is illustrated by compara- 
tive studies with the linked polypeptide toxin, abrin, conjugated to antimouse lympho- 
cyte IgG by two different methods.""' SPDP was used to produce a disulfide bridge 
conjugation and the NHS ester of chlorambucil to produce an amide and pipirazine 
ring conjugation."" The incorporation ratio in this application was close to one. Both 
these reagents have been described in considering methods of linkage. Abrin conju- 
gated by either method was an equally effective inhibitor of protein synthesis in a cell- 
free system. However, spleen cells in culture were twice as susceptible to the disulfide- 
linked conjugate, suggesting relatively easier intracellular release of an active A-chain 
moiety itself through disulfide interchange. Abrin linked by a pipirazine group involv- 
ing sites on the A chain of the toxin would presumably be more stable.""' 

The role of the specific carrier in antibody-mediated targeting of toxins is illustrated 
by the studies of Ross et al. with diphtheria toxin. "*° Daudi cells are relatively insensi- 
tive to this toxin since 1 /ig/mf does not inhibit protein synthesis in cells in vitro. Anti- 
lymphocyte IgG-whole diphtheria toxin conjugates were prepared by a chlorambucil- 
mixed anhydride procedure. This conjugate was shown to be distinctly cytotoxic to- 
ward the Daudi cells; a concentration of 0.5 ng/mi inhibited tritiated leucine uptake 
by 50*^0. The same behavior was observed when the F(ab')2 fragment of this antibody 
was used for conjugation. Pretreatment of cells with free antibody or with diphtheria 
antitoxin lowered inhibition and a conjugate prepared with a nonspecific IgG was in- 
effective. These findings could not be duplicated with mouse spleen cells and a corre- 
sponding conjugate with antimouse lymphocyte antibodies. More recently, Pirker et 
al.* have demonstrated that the in vitro toxicity of an antitransferrin receptor MAB- 
Pseudomonas exotoxin conjugate to several human ovarian cancer cell lines was di- 
rectly related to the extent of binding and internalization of the conjugate. Verpamil 
enhanced the toxicity of this conjugate. 

Antibody conjugates synthesized with whole toxins suffer from the disadvantage 
that the B chain in the conjugate may still promote uptake by nontarget cells, resulting 
in high host toxicity. In one approach to minimize nonspecific binding of the B cham, 
intact ricin was coupled via iodoacetylated whole toxin which produces thioether- 
linked conjugates characterized by lowered galactose recognition."' (This lack of cy- 
totoxicity to nontarget cells does not apply to iodoacetylated whole ricin itself.) B- 
chain-recognition-based uptake by nontarget cells can also be blocked in vitro by high 
concentrations of galactose or lactose in the incubation medium to saturate bindmg 
sites for nonantibody-mediated uptake of abrin or ricin conjugates. However, a further 
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difficulty can arise from the fact that mannose-containing oHgosaccharide substituents 
on antibody-conjugated toxins can promote uptake by phagocytic cells via mannose 
receptors/^^ 

Other approaches for eliminating nonspecific binding via B chains, especially in 
vivo, include removal of the B chain prior to conjugation or the use of single-chain 
toxins (so-called hemitoxins). A useful attribute of single-chain toxins from the point 
of view of laboratory manipulation is that they are not toxic until conjugated to a 
carrier that promotes endocytosis. An example is saporin, a single-chain toxin from 
Saponaria officinalis v/hich has been conjugated, by using SPDP, to an anti-Thy 1.1 
MAB (OX7) and its F(ab)2 fragment/*'- The purified conjugate fraction used for bio- 
logical testing consisted chiefly of 1:1 and 1:2 (toxin to MAB) species. The conjugated 
toxin did not inhibit protein synthesis in a reticulocyte lysate, indicating that the toxin 
must be released from the carrier protein for manifestation of cytotoxicity. The specific 
whole IgG or F(ab)2 conjugates were strongly inhibitory toward pulse-exposed Thy 1.1- 
positive cells in culture (but not toward Thy 1.1 -negative cells). I50 values for inhibition 
of tritiated leucine uptake ranged from 3 x lO"*" M to 1 x 10"**' M The pattern of 
response to Concanavalin A (Con A) and £. coiilipopolysaccharide mitogens by spleen 
cells exposed to the saporin-MAB conjugate suggested that T-lymphocytes (which ex- 
press Thy 1.1 antigen) were selectively killed. Measurement of acute toxicity toward 
mice indicated that conjugation of saporin to IgG increased toxicity by a factor of 8 to 
16. Mice inoculated intraperitoneally with 10* AKR-A tumor cells and then given one 
i.v. injection of the specific conjugate after 24 hr, survived an average of 30 days longer 
than untreated control mice. Three out of eight animals remained free of ascites tumor 
during the experiment. (Two of these animals developed solid s.c. tumors at the site of 
i.p. inoculation, suggestive of relative inaccessibility.) The specific F(ab)2 conjugate 
was substantially less effective than the IgG conjugate. Antibody alone, toxin alone, 
antibody plus toxin unlinked, and toxin linked to an irrelevant antibody did not pro- 
long survival. Calibration experiments showed that the pattern of survival of treated 
mice given 10* tumor cells was similar to that of untreated mice given 10 tumor cells. 
This finding was interpreted to indicate 99.999% elimination of tumor cells after in- 
oculation. Tumor cells isolated from ascites tumors that grew in conjugate-treated an- 
imals had the same sensitivity in vitro to the specific conjugate and so did not represent 
a resistant subclone. The corresponding anti-Thy 1.1 MAB conjugate of ricin A chain 
had cytotoxicity in vitro that was comparable to that of the specific saporin conjugate, 
but the former produced survival in vivo for tumor-inoculated mice that was equivalent 
to only 99% killing of tumor cells. These authors suggested that the carbohydrate 
moiety present on ricin A chain but not saporin may lead to clearance by the reticulo- 
endothelial system. The linkage in the conjugate of positively charged saporin may also 
be more stable during transit in vivo than that in the conjugate of uncharged ricin. 

Another example of a single-chain toxin is pokeweed antiviral protein. Conjugation 
to antibodies is reported to confer on it cytotoxicity toward eukaryotic systems that is 
of the same order as ricin.'*" Like ricin, the mode of action involves interference with 
the function of protein synthesis elongation factors. Recent studies show the poten- 
tial usefulness of toxin conjugates in selective elimination of human cancer cells. 
Uckun et al.^"*'*" linked pokeweed antiviral protein to an Igd MAB against human 
B- and pre-B-cells by a disulfide interchange method. The ratio of toxin to IgG was 2:1 
as shown by RIA for the toxin polypeptide. This conjugate at a toxin concentration of 
5 Mg/mi produced 80% inhibition of tritiated leucine uptake by target B-ALL cells but 
did not affect nontarget normal bone marrow cells. A nonspecific conjugate was with- 
out effect on the B-ALL cells. A clonogenic assay showed that almost 6 logs of killing 
of target lymphoma cells could be achieved in the presence of chloroquine, which po- 
tentiated cytotoxicity. Moreover, this effect was achieved under conditions where there 



Volume 3, Issue 4 317 



was a 100-fold excess of normal marrow cells. There was less than a 50% loss of 
pluripotent stem cells. 

Most conjugates containing cleaved A chains have been synthesized by disulfide 
linkage utilizing the A chain -SH formed by reductive splitting of the original disulfide 
bridge between the A and B chains of the parent toxin, a procedure which is generally 
capable of substantially retaining antibody activity. This has been discussed in dealing 
with methods of linkage. In effect, the method preserves the original linkage group but 
without preserving the ancillary role(s) of the B chain in toxin transport and action as 
stated above. Experiments involving reductive cleavage of conjugates and isolation of 
released A chains allowed the demonstration that the released A chains were fully 
inhibitory in a cell-free protein synthesis system if the original conjugation antibody 
was of the IgG class. However, not all chains were fully active if the original conju- 
gation antibody was of the IgM class. An interesting comparison of linkage groups is 
that between disulfide and thioether bridges. One way of linking via a thioether bridge 
is with 6-maleimidocaproic acid to introduce a 9-atom spacer. Ricin A chain linked in 
this way had 30% activity in a cell-free system, and the greater stability of the thioether 
bond indicates that this activity is indeed due to the bound A chain and appears to 
reflect some steric hindrance. These thioether-linked conjugates were only 1% as 
active as disulfide conjugates on intact cells, indicative of a failure of transport. This 
suggests that conjugate action involves the splitting of the toxin chain. However, intro- 
ducing a longer disulfide-containing spacer, which hypothetically might be split more 
readily, did not improve cytotoxicity against intact cells, although activity in a cell-free 
system was greater.^** 

Conjugates of ricin A chain have also been prepared using the biotin-avidin system 
outlined under Section IV, Methods of Linkage.'^^^ Ricin A chain was coupled to PDT- 
avidin by disulfide interchange and biotin to Ig by an active ester method. The ricin 
incorporation assayed by inhibition of protein synthesis using a rabbit reticulocyte 
lysate was a little over 1 mol/mol of avidin. When BALBc spleen cells were exposed to 
biotinylated-antimouse Ig followed by ricin-A-chain-substituted avidin, the subsequent 
lipopolysaccharide response was poor and the Con A response was good. When the 
first exposure was to biotinylated-anti-Thy-1 .2, the converse responses were observed. 
These results indicated specific cytotoxicity toward target cells. Treatment of cells with 
either binary conjugate alone did not affect responsiveness. These investigators also 
used the F(ab')2 fragment of a polyclonal IgG against the putative T-cell replacing- 
factor (TRF) acceptor sites to prepare a conjugate that was capable of selectively elim- 
inating a B-cell subset having these acceptor sites. Advantages of the sequential expo- 
sure approach were stated to be the convenience of having available supplies of toxin- 
substituted avidin and the potential for binding multiple ricin A chains to Ig that is 
substituted with multiple biotin molecules. If the sequential use of biotin-Ig and ricin- 
avidin were tried in vivo, the possibility arises that ricin-avidin could combine with 
biotin of the host, thus eliminating targeting specificity. 

Another related system that might allow for in vivo targeting is that consisting of 
the ribonuclease-S peptide and ribonuclease-S protein. The affinity constant governing 
this interaction is not as large as the constant for biotin-avidin, but it is still in the 
range of antigen-antibody constants, i.e., 10 x lO' and the coupling chemistry 
should not be difficult, particularly since ribonuclease is a small, stable protein. (Either 
of these noncovalent-binding systems ought to be feasible for preparing ternary con- 
jugates intended for administration as such.) 

Conjugates that are prepared by the linkage of the cleaved A chain of protein toxins 
that possess both A and B chains are generally less toxic than whole toxin conjugates 
by a couple of orders of magnitude. Raso et al.''" used hybrid antibodies with one 
specificity for target cells and the other for ricin A chain to deliver either whole toxin 
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or A chain to Daudi cells. The I50 of the cleaved ricin A chain conjugate was 10- to 
100-fold greater than that of the whole toxin conjugates, which suggests augmentation 
of toxicity by the B chain. Furthermore, conjugates containing cleaved A chains exhibit 
variable cytotoxicity toward target cells in vitro, high in the case of A chains of several 
toxins conjugated to antibodies directed against the transferrin receptor, low in the 
case of diphtheria toxin or ricin A chain conjugated to anti-Thy 1.1. or W 3/25 IgG.^*^ 
The variable properties of A chain immunotoxins are further illustrated by experiments 
comparing diphtheria toxin A chain and ricin A chain conjugated by a disulfide linkage 
to epidermal growth factor which showed that the ricin conjugate was cytotoxic toward 
3T3 cells at 0.01 to 1.0 nM, whereas the diphtheria toxin conjugate was not cytotoxic 
at concentrations of the order of 30 nM.^ Diphtheria toxin A chain conjugated to 
human placental lactogen by use of methyl-5-bromovalerimidate was also inactive 
against mammary gland explants, although it retained ADP-ribosyltransferase activity 
and the conjugate could bind to lactogenic receptors.**'*^* Nevertheless, some of the A 
chain conjugates have been found to be effectively tumor inhibitory in vitro as well as 
in tumor-bearing animals. For example, a disulfide-Hnked conjugate between diph- 
theria toxin A chain and a monoclonal IgGl against the guinea pig LIO hepatocarci- 
noma has been prepared by Bernhard et al.'*^^ The purification procedure took advan- 
tage of the binding affinity between NAD* and diphtheria toxin A chain. The reaction 
mixture was passed through an NAD-Sepharose column which adsorbed the IgG- 
linked toxin and eliminated unreacted IgG. Subsequent passage through a Sephadex® 
G-200 column eliminated unreacted A chain. The purified conjugate bound to LIO cells 
and not LI cells in vitro. LIO cells in culture were reported to be 100*7o killed by a 24- 
hr pulse with conjugated A chain at 100 nM, whereas antibody alone was not cytotoxic. 
Prior incubation with antibody alone at 1 f^M completely prevented cell killing by the 
conjugate. The anti-LlO cell IgGl was shown to localize in tumors in vivo/^® so the 
antitumor effect in vivo was assessed by treating intradermally tumor-inoculated 
guinea pigs with conjugate intravenously on day 2 or on day 7 after inoculation. Tumor 
growth was slightly inhibited by the treatment on day 2 but substantially retarded by 
the treatment on day 7. In the latter case, tumor size regressed and did not increase 
significantly until day 17, after which growth occurred at a rate approximately parallel 
to the controls, i.e., the single immunotoxin treatment retarded the onset of growth 
rather than decreasing the rate of growth. Ghose et al. obtained somewhat similar 
results in treating melanoma-bearing mice with an MTX-antimelanoma antibody con- 
jugate. In another investigation, a mouse BCLi model was adapted to mimic a clin- 
ical situation in which patients have a large tumor burden.^" Affinity-purified ricin A 
chain was conjugated to the PDT derivative of an anti-idiotypic antibody by disulfide 
interchange. Purification of the resulting conjugate was by gel filtration and affinity 
chromatography. The antibody-linked toxin treatment was instituted after reduction 
of tumor bulk by irradiation and splenectomy. Under these conditions (but not with 
irradiation alone), it was possible to achieve remission in treated animals, whereas 
control animals only survived for 7 days. Blood from mice apparently in remission did 
not produce leukemia when given to normal mice and so did not contain tumor cells. 
However, blood from long-term survivors was capable of producing tumors under 
these conditions, indicating that tumor cells persisted in treated animals. It was pointed 
out that successful immunochemotherapy was dependent on preliminary cytoreduc- 
tion, given present limits on therapeutic indexes for antibody-linked toxins. 

A variety of approaches have' been taken to augment the cytotoxicity of A chain 
toxin conjugates. These include simultaneous exposure to lysosomotropic agents, vi- 
ruses, or cleaved B chains. The behavior of chloroquine and ammonium chloride in 
potentiating cytotoxicity of pokeweed antiviral protein and ricin A chain conjugates 
has already been alluded to. Akiyama et al.^*° have recently reported on the potentia- 
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tion of cytotoxic activity of Pseudomonas exotoxin-antibody conjugates by calcium 
channel blockers and a lysosomotropic agent. Conjugates were synthesized by the same 
method and with the same antitransferrin receptor antibody (HB21) as used by Fitz- 
Gerald et al/** (see later) and with EGF. Conditions were chosen so as to give 1:1 
conjugates. A colony inhibition assay with KB cells showed that verapamil, D-600, 
diltiazem, and the lysosomotropic agnet, beta-glycylphenylnaphthylamide, increased 
cytotoxicity of conjugates in a concentration-dependent manner. For example, D-600 
at 20 ^g/mi gave the largest effect, lowering the I50 for inhibition of cell growth from 
3 to 0.2 ng/mi. These agents alone had no effect on colony formation at the concen- 
trations used. Potentiation effects were usually less on other cell lines. Another assay 
based on inhibition of protein synthesis measured by tritiated leucine uptake gave re- 
sults in which the conjugates exhibited less cytotoxicity, but there was greater potentia- 
tion by agents. The mechanism of potentiation is not clear. In a previous study by this 
group,^" verapamil-treated KB cells delayed lysosomal degradation of '^^'I-labeled 
EGF, indicating interference with lysosomal function as an underlying mechanism. 
Also, hydrolysis of beta-glycylphenylnaphthylamide in lysosomes has been reported to 
produce a metabolite that damages lysosomal and perhaps other cell membranes. 

FitzGerald et al.^**"^" have investigated the ability of human adenovirus type 2 to 
increase the toxicity of Pseudomonas exotoxin conjugated to monoclonal antitransfer- 
rin receptor antibodies or EGF. Conjugation was achieved by disulfide interchange.'^^ 
Methyl-4-mercaptobutyrimidate was used to introduce thiol groups into both toxin and 
carrier protein (an average of two in the toxin and one in the carrier). The modified 
toxin was treated with 5,5'-dithio-bis-nitrobenzoate to produce a thionitrobenzoate de- 
rivative, after which conjugation to thiolated carrier protein was carried out by incu- 
bation with a threefold molar excess of the thionitrobenzoate derivative. The conjugate 
was isolated by adsorption on protein A at pH 8 followed by elution at pH 6. ADP 
ribosylating activity was retained in the conjugate. Exposure of cells in culture fol- 
lowed by measurement of inhibition of tritiated leucine uptake showed that the anti- 
body conjugates had I50 values of the order of 0.1 to 0.3 nM, whereas the cysteine- 
substituted toxin was not cytotoxic at 10 nM. This control was included because reac- 
tion of the toxin with methyl-4-mercaptobutyrimidate abolishes binding to the recep- 
tor. This effect on binding indicates that uptake by nontarget cells would not occur if 
conjugate disulfide linkages were reduced in vivo.*^' Concurrent exposure of KB cell 
monolayers to conjugate plus adenovirus increased toxicity 100- to 300-fold. Adeno- 
virus alone did not inhibit protein synthesis under the experimental conditions. The 
cytotoxicity of conjugates depended on the human cell line tested. Earlier studies by 
Trowbridge and Domingo*" had shown that ricin A chain conjugated to antitransfer- 
rin receptor antibodies was cytotoxic, and FitzGerald et al.**^ found that adenovirus 
was also able to potentiate the effect on protein synthesis of their ricin A chain-anti- 
body conjugates. It was concluded from immunofluorescence measurements that both 
conjugate and adenovirus were taken up into the same receptosome, allowing the virus 
to disrupt the receptosome and so increase release of toxin molecules into the cytosol. 
A capsid protein of the virus appears to mediate the effect, so the isolated protein 
might be utilized in combination with antibody conjugates to increase therapeutic ef- 
fectiveness. 

The cytotoxicity of A chain conjugates has been restored by inclusion of free B 
chains in an in vitro protein synthesis assay system.^'***^^ *" The effect was about five- 
fold and is thought to involve increased efficiency of entry into the cytoplasm rather 
than increased binding of conjugated A chain.**^-*^' Vitetta et al."'-*^^ have investi- 
gated potentiation of the cytotoxicity of ricin A chain-IgG-antibody conjugates by ricm 
B-chain-IgG-antibody conjugates, both linked by disulfide interchange. They used af- 
finity-purified rabbit IgG against human Ig since their test system consisted of a target 
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Burkitt's lymphoma cell line possessing surface IgG. The ternary conjugates were pur- 
ified by Sephacryl S-200 chromatography and then by affinity chromatography 
with immobilized human Ig to eliminate residual free A or B chains. Solid phase RIA 
using ^^^I-labeled anti-A or -B indicated one to two A or B chains per Ig. In vitro 
measurements of uptake of tritiated leucine by Daudi cells showed that little toxicity 
was manifested separately with the A-chain conjugate at 0.3 p<g/10^ cells or with the B- 
chain conjugate at levels substantially above this. In contrast, mixtures of the two gave 
significant toxicity. The effect reached almost an order of magnitude with a mixture at 
0.3 (A conjugate) and 2.6 (B conjugate) ^g/ml. Synergism with mixtures of free chains 
and either of the conjugates was found only at high concentrations and was reported 
to be modest. A and B chains conjugated to irrelevant IgG gave no synergism, with or 
without galactose. This is indicative of a decrease in B chain-based binding on its con- 
jugation to an Ig. This approach shows that it may be possible to circumvent the non- 
specific toxicity associated with whole linked-polypep tide-toxin conjugates without los- 
ing the B chain function. 

One variation in conjugation is to link the A chain to a univalent F(ab) antibody 
directed against the target cell surface and the B chain to an anti-Ig antibody.^*' The 
use of a F(ab) fragment was expected to avoid binding to Fc receptors on nontarget 
cells and lead to delayed endocytotic uptake, thus allowing the B-chain conjugate to be 
administered at a later time. The same affinity-purified rabbit antihuman Ig as de- 
scribed above was used as the carrier for the ricin A chain and goat antirabbit Ig 
antibody was used for the B chain. Incorporations of one to three A or B chains per 
antibody molecule were obtained with less than 1% contamination by free chains. 
Cytotoxicity was assayed using sequential 15-min incubations with conjugates followed 
by 22 hr of growth in conjugate-free medium, after which uptake of tritiated leucine 
was determined. The B chain linked to antirabbit Ig potentiated cytotoxicity of the cell- 
surface targeted A chain conjugate in a manner comparable to that observed before 
with both chains linked to the same antisurface Ig carrier antibody. Synergism was not 
observed if the B chain was linked to an irrelevant Ig. The conjugate of F(ab) and A 
chain was equal in cytotoxicity to the corresponding whole Ig conjugate and was also 
potentiated by B chain linked to antirabbit Ig. The synergistic effect decreased linearly 
with increase in the time interval between exposure to the A-chain and B-chain conju- 
gates, e.g., half the effect was still present at 5 hr. The authors suggest that in an in 
vivo context targeted A-chain univalent F(ab) conjugate which did not bind to target 
cells could be substantially eliminated prior to administration of a B-chain conjugate 
targeted to the A-chain carrier antibody. 

C. Antibody-Bound Radionuclides 

Radioisotopes have several characteristics that make them attractive for antibody- 
mediated targeting against tumor cells. Ionizing radiations are widely used in the treat- 
ment of cancer, and factors determining the response of mammalian cells to different 
types of radiation are fairly well known. Cell damage is caused either by emitted 
charged particles or quanta of energy and therefore there is no necessity for the isotope 
to be endocytosed. Binding of the isotope-carrying antibody can deliver radiation to 
several adjacent cells that may lack the target antigen."** 

The criteria of suitability of antibody-linked radioisotopes for therapy differ from 
those for imaging. A high tumor-to-normal tissue ratio of localization is the most 
important factor in tumor imaging. Furthermore, for conventional external imaging 
(i.e., methods not based on positron emission), the radioisotopes must be gamma emit- 
ters with a short half-life and should be rapidly cleared from the body to reduce radia- 
tion hazards. For therapy, high and prolonged concentration of the radioisotope at the 
tumor site are desirable features and a relatively low tumor-to-normal tissue ratio of 
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localization may be adequate. Radioisotopes for therapeutic purposes should produce 
a tumoricidal amount of ionization at the site and the radioactivity should be ade- 
quately localized, have low penetration to avoid systemic effects, and remain tumor 
bound for a period sufficient to deliver a tumoricidal dose. The optimal time to deliver 
such a dose will depend upon the decay scheme of a given radioisotope. Eckelman et 
al.'*^® have listed the physical properties and pharmacokinetics of some radioisotopes 
that may be of use in antibody-mediated tumor imaging and therapy. 

is the most used radionuclide for antibody-targeted therapy of experimental and 
human cancer. Definite evidence of tumor regression has been obtained 
only with this radioisotope. Reasons for its employment in radioimmunother- 
apy include its established use in the treatment of hyperthyroidism, the availability of 
several mild methods for iodination of Ig, its physical characteristics, and the range of 
radiation in tissues. The reaction conditions for iodination of proteins can be 
manipulated**® so that it is possible to control the level of incorporation of the iso- 
tope.'* Substantial antibody activity is retained when the level of incorporation of 
does not exceed two atoms of iodine per molecule of igG.^**°'^*°'**^'^'* Higher levels of 
incorporation led to a decrease in the affinity of the antibody and its faster clearance 
from serum. The physical characteristics of are such that, in spite of the limited 
cell surface concentration of TAA, antibodies labeled with less than two atoms of '^^I 
per IgG molecule can deliver a tumoricidal amount of radioactivity. The effective 
beta radiation from has a range in tissue corresponding to several times the diam- 
eter of a cell."* Although this is likely to eradicate adjacent tumor cells that lack the 
target antigen and do not bind the labeled antibody, adjacent normal cells can also be 
damaged. In any case, nonuniform distribution of radioactivity may fail' to deliver 
lethal amounts of radioactivity to all adjacent cells. The features of that limit its 
usefulness for antitumor targeting include the susceptibility of antibody-bound iodine 
to dehalogenation in vivo"*® associated with uptake by unblocked thyroid, immuno- 
and myelosuppressive effects, ^*°''^*^ potential carcinogenic effects (not so far observed 
in adults treated with for hyperthyroidism), and the very rare incidence of allergy 
to iodine. 

Use of radionuclides that emit softer /?-rays than '^'I or of alpha emitters may 
achieve more precise and uniform cell kill, but the effective range does not exceed that 
of a single diameter and adjacent antigen-negative tumor cells are not likely to be 
affected. Nevertheless, ^"At appears to have several desirable features for use in im- 
munoradiotherapy of cancer. The alpha particles emitted during its decay have high 
average energy (Ea = 6.8 MeV), high linear energy transfer (i.e., induce high specific 
ionization), and an effective range of several cell diameters. Their effect on cells and 
tissue is fairly independent of oxygen saturation, and tumoricidal effects in vivo have 
already been demonstrated. "^^^ In another approach to immunoradiotherapy of cancer, 
has been linked to anti-TAA antibodies,*" '*^® with the expectation that after ex- 
posure to slow neutron radiation thermal neutrons will be captured with the release of 
2.79 MeV of energy. However, tissue penetration of thermal neutrons is poor and 
whether the really adds to the effect of neutron beams alone is still controver- 
sial.*^^*«° 

VL POTENTIAL APPLICATIONS AND CLINICAL EXPERIENCE 

Drug-antibody conjugates and radiolabeled antibodies have been used in preliminary 
phase I investigations in cancer patients. In general, drug conjugates have shown a 
more consistent antitumor activity than immunotoxins in tumor-bearing animals. Fur- 
thermore, the mode of action and pharmacokinetics of cancer chemotherapeutic agents 
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and radionuclides are better understood than those of the protein toxins. Finally, as 
cancer chemotherapeutic agents are widely used clinically, the use of their conjugates 
entails fewer ethical problems than immunotoxins. This has confined the use of im- 
munotoxins mainly to the elimination of target cells, e.g., leukemia/lymphoma cells 
or subsets of immunocompetent cells, from bone marrow in vitro prior to bone mar- 
row transplantation. 

A. Purging of Neoplastic Cells In Vitro 

Autologous bone marrow transplantation is being increasingly used in the manage- 
ment of leukemias and non-Hodgkin's lymphomas. Marrow obtained from a pa- 
tient, even in remission, is likely to contain small numbers of neoplastic cells which 
may cause relapse of the disease when the marrow is transfused back after supralethal 
chemoradiotherapy. Selective and complete elimination of contaminating malignant 
cells from the bone marrow to be retransfused thus constitutes a major problem. Meth- 
ods that have been used to remove tumor cells from marrow include physical separa- 
tion,"^ cytotoxic drugs, '^^^ anti-TAA antibodies together with complement, 
MAB linked to intact ricin,^"-^''-^®* MAB linked to ricin A chain,^^'-^"'^"'-^*' pokeweed 
antiviral protein,^" MAB linked to chemotherapeutic agents,^'*' anti-TAA MAB and 
chemotherapeutic agents unlinked,^'* or the combination of a chemotherapeutic agent 
and immunotoxin.^'^ Only very preliminary clinical evaluation of some of these meth- 
ods for purifying bone marrow in vitro has been reported, e.g., chemotherapeutic 
agents,*'^-^'* antibodies along with complement,^"-^'' or immunotoxins.^'^ Antibodies 
and complement tend to be toxic towards progenitor and other non-neoplastic cells in 
the marrow, cause clumping of cells, and lead to antigenic modulation. Further- 
more, many MAB do not fix complement or require very high antibody concentrations 
for cell killing.*^® Exposure to multiple antibodies has been demonstrated to be more 
effective in eliminating neoplastic cells than the use of a single anti-TAA anti- 
body. ^^^-^'^ In contrast to the short time needed for the killing of cells by complement 
and antibody, immunotoxins need hours or days to kill target cells. 

Of interest are a number of model studies with immunotoxins aimed at eliminating 
specific cell types from bone marrow ex vivo. The studies of Uckun et al. with conju- 
gates of pokeweed antiviral protein were discussed previously.^" In an experiment to 
simulate eradication of malignant cells from human bone marrow, a mixture of bone 
marrow and 15% BCLi leukemic cells was treated in vitro with ricin A chain conju- 
gated by disulfide interchange to an anti-BCL, idiotypic Ig and then adoptively trans- 
ferred to lethally irradiated mice. There was selective but not total eradication of tumor 
cells with a loss of no more than lO^o of normal bone marrow cells." Another example 
comes from the studies of Muirhead et al.,'*^' who conjugated ricin A chain to an 
affinity-purified polyclonal Ig against human lambda and kappa chains by disulfide 
interchange. This conjugate was able to eliminate 99^o of surface IgM/kappa-bearing 
Daudi cells mixed with marrow cells in vitro without demonstrable toxicity to hemo- 
poietic cells. 

Several studies have also been carried out to eliminate leukemic T-cells from human 
bone marrow. Casellas et al.*°* produced a ricin A-chain immunotoxin using the 
method of Jansen et al.^°^ with MAB TlOl, an IgG2a against the Tl 65-kdalton gly- 
coprotein differentiation antigen expressed by T-cells and CLL cells but not by normal 
myeloid and erythroid progenitor cells. Assay of the conjugate in a cell-free protein 
synthesis system showed that 1.5 to 2 mol of active A chain was present per mole of 
IgG2a. Fluorescence assay showed that all antibody activity was retained. In a clono- 
genic assay, CEM cells treated with the specific conjugate at 10 nMin the absence of 
ammonium chloride exhibited 14% survival at 24 hr. At this conjugate concentration, 
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substantially all target antigen sites were occupied when cell numbers did not exceed 
2 X 10' mi. Almost all CEM cells (99.99<7o) treated with the specific conjugate plus 10 
mM ammonium chloride were killed at 8 hr. (The more rapid killing produced by the 
ammonium chloride should improve clinical efficacy.) Cells which survived the treat- 
ment with conjugate plus ammonium chloride lacked antigen. One million cells from 
an antigen-positive subclone were all killed by the specific toxin under identical exper- 
imental conditions, indicative of a 6-log or better efficacy factor. This treatment al- 
lowed survival of hematopoietic progenitor cells. Cytotoxicity was blocked by uncon- 
jugated antibody. A conjugate prepared with anti-CEA antibody was without 
cytotoxic effect. The Tl-negative cell lines, Daudi and Raji, were not inhibited by the 
TlOl conjugate up to 10 nM, although their sensitivity to ricin or ricin A chain is 
similar to that of CEM cells. An advantage in clinical application pointed out for A 
chain conjugates as opposed to whole ricin conjugates was the fact that the treated 
marrow would not have to be carefully washed to eliminate residual whole toxin before 
re-infusion into a patient. 

An in vitro T-cell leukemic model was used to investigate conjugates of whole ricin 
toxin prepared by disulfide interchange."® The antibodies were TlOl, which gave the 
most effective conjugate, and 3A1, an IgGl which recognizes a 4-kdalton antigen on 
T and some early myeloid cells. Residual free ricin was removed from the product by 
protein A-Sepharose chromatography and free antibody by Sepharose 4B chromatog- 
raphy. Retention of toxin activity in the conjugates was confirmed by a~cell-free pro- 
tein synthesis assay. Either specific conjugate strongly inhibited antigen-bearing CEM 
and 8402 ALL cell lines by approximately 2 logs at a concentration of 0.1 nMbut not 
a B-cell leukemia (8392) or promyelocytic leukemia (HL60) cell line, although colony 
formation by bone marrow progenitor cells was inhibited approximately 30% at this 
concentration. The cytotoxic effect of the TlOl conjugate toward CEM cells was main- 
tained in mixtures of CEM and bone marrow progenitor cells. Release of free ricin 
from treated cells did not occur in sufficient amounts to present a clinical hazard. The 
results of this study, as well as that of Stong et al.,*®® showed that the effectiveness of 
whole ricin-antibody conjugates was not solely determined by the amount bound to 
the cell surface, probably because of problems with internalization.^^® 

Immunotoxins constructed with ricin A chain were more potent when two or more 
conjugates directed against independent epitopes were combined. In a study using 
immunotoxins constructed with intact ricin and four MAB against independent epi- 
topes on leukemic T-cells from acute T-cell leukemia patients (i.e., MAB TlOl, G 3.7, 
35.1, and TA-1), the immediate toxicity (protein synthesis inhibition) was compared 
with the inhibition of clonogenicity by these conjugates. Inhibition of protein synthesis 
in the presence of lactose in vitro correlated well with the extent of antigenic expression 
on the surface of the leukemia cells. The conjugate constructed with TlOl gave the 
fastest rate of protein inhibition. A cocktail of four cell conjugates exhibited kinetics 
that were as fast or faster than the kinetics of the TlOl conjugate. On colony inhibition 
assay in the presence of lactose, all four immunotoxins were specifically cytotoxic and 
a cocktail of the four was more potent than the TlOl conjugate alone. In a phase-I 
trial, a ricin A chain TlOl conjugate was used to purge autologous bone marrow of 
malignant T-cells. In every patient, hematopoetic recovery occurred within normal 
time periods, but two patients developed severe infection. There was a suggestion of 
increased fragility of the incubated progenitor cells to freezing. '"®'*°* 

Another approach to potentiating the action of immunotoxins in vitro is addition of 
ammonium chloride and/or mafusamid or chloroquine during incubation. "^''*^^'*°^'*°^ 
Douay et al.*°^ demonstrated that an MAB TlOl-ricin A chain conjugate in the pres- 
ence of ammonium chloride could eliminate 99.9% of target cells without interfering 
with the proliferative capacity of hematopoietic stem cells. Ricin (10"' M) linked to a 
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MAB and incubated in vitro in the presence of ammonium chloride could eliminate at 
least 4 logs of clonogenic tumor cells from a 20-fold excess of bone marrow. This is 
comparable to the tumor cell kill achieved with 4-hydroxyperoxycyclophosphamide 
(see below) or with multiple MAB in the presence of complement. Uckun and co- 
workers^" have reported that mafusamid along with a ricin-anti P67 MAB conjugate 
specific for both normal and leukemic T-cells"*" or with a ricin-PAN-B MAB 
conjugate^'^ could eliminate on the order of 7 logs of target cells with minimal toxicity 
to normal bone marrow progenitor cells. These studies are important because to be 
useful for the removal of neoplastic cells from bone marrow the carrier MAB should 
not react with hematopoietic stem cells. 

The efficiency of anti-TAA antibodies and their conjugates in eliminating tumor 
cells from bone marrow will depend upon the variability of expression of the target 
TAA, the heterogeneity of TAA, and the specificity of the antibody, i.e., the extent of 
its reactivity with hematopoetic progenitor cells. Several MAB have been compared as 
regards their efficiency in removing malignant B cells from bone marrow. It is inter- 
esting that the efficiency of several anti-B-cell MAB for complement-mediated lysis did 
not correlate with their effectiveness as a component of immunotoxins. 

It has been claimed that HLA-DQ determinants are expressed on mature malignant 
lymphoma cells but not on normal bone marrow progenitor cells.**** A panel of poly- 
clonal and monoclonal anti-HLA-DQ antibodies in the presence of complement has 
been reported to be able to eliminate 98Vo of clonogenic tumor cells in vitro. Immu- 
notoxins based on these antibodies have not yet been evaluated. 

B. Purging of Immunocompetent Cells from Bone Marrow to Prevent Graft-Vs.-Host 
Disease (GVHD) 

Another use of antibody-linked agents in the management of human leukemias is 
the prevention of GVHD, which develops in approximately 50% of patients given bone 
marrow grafts from HLA-matched siblings. '^^^ Attempts are being made to control 
GVHD by in vitro depletion of T-cells from grafts prior to transplantation by immu- 
nophysical methods, by administration of a cocktail of anti-T^cell MAB,'*"'*°* or 
immunotoxins. In a pilot clinical study, 14 patients were given bone marrow 
treated in vitro with an immunotoxin constructed with intact ricin bound to three dif- 
ferent, well-characterized anti-T-cell MAB. In vitro analysis of treated marrow samples 
revealed significant T-cell depletion but sparing of hematopoetic cells. No toxicity 
could be seen in the patients transfused with the treated bone marrow. According to 
these investigators, there was prompt acceptance of the grafted bone marrow in their 
patients. In another study based on eight patients given autologous bone marrow, there 
was considerable reduction of the risk of developing GVHD when mature T-cells were 
removed from the bone marrow graft with anti-T12 MAB and complement. How- 
ever, there is evidence from other studies that the acceptance of bone marrow grafts is 
inhibited after T-cell depletion.*'' In regard to patients with developed GVHD, 15 
patients with steroid-resistant severe GVHD were given various doses of one or more 
anti-T-cell MAB (a total of four MAB against independent epitopes was used). Most 
of the patients treated with MAB needed platelet infusions. However, the amount of 
platelets needed was not different from that needed by patients subjected to other 
therapeutic regimens. Six of ten patients given intermediate doses of the MAB had 
evidence of at least partial improvement. None of the patients developed detectable 
evidence of immunization with 'mouse Ig. Apart from fever and chills, there was no 
evidence of toxicity.*'^ 
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C. Preliminary Experience with Drug Antibody Conjugates in Patients 
L Melanoma, 

In a study by Ghose et al.,^'* 13 consecutive patients with inoperable recurrent ma- 
lignant melanoma were treated with chlorambucil bound to goat or rabbit antihuman 
melanoma Ig. The next consecutive .1 1 patients fulfilling the criteria for admission into 
this study were treated with chemotherapy only, i.e., dimethyltriazenoimidazole car- 
boxamide (DTIC). Follow-up was for a minimum of 29 months or until death. Two 
patients showing an objective response to immunochemotherapy had disease confined 
to lymph nodes and cutaneous sites; five others showed stabilization of cutaneous, 
nodal, and visceral metastases; and six patients showed progression of their disease. 
The median survival of the responders and stabilizers was 20 months, but only 3.5 
months for patients with disease progression. None of the 11 patients treated with 
DTIC had objective tumor regression and all died within 11 months of the start of 
treatment, with a median survival of 3 months. Immunochemotherapy significantly 
prolonged survival compared to that in the DTIC-treated group (p< 0.05). No hema- 
tological or renal toxicity was detected after immunochemotherapy. 

Recently, 3 of 12 melanoma patients given an IgGa mouse MAB against the GD3 
antigen showed ''major*' tumor regression. Patients given more than 80 mg/m^ of the 
antibody had an inflammatory reaction at tumor sites. Examination of biopsied tumor 
tissue revealed complement deposition, infiltration of mast cells and lymphocytes, and 
mast cell degranulation."^^ A phase-I trial of an immunotoxin constructed with ricin A 
chain has also been completed. It has been reported that there was no major problem 
with toxicity, contraindicating the clinical use of the immunotoxins. Three main tox- 
icities observed in this trial were lethargy and malaise, evening fever, and reversible 
hypoalbuminemia without proteinuria.*'^ 

2. Neuroblastoma 

Melino and co-workers have treated a number of neuroblastoma patients with anti- 
body-conjugated drugs. The carriers were allogenic polyclonal antineuroblas- 
toma antibodies prepared by immunizing haploidentical volunteers with irradiated 
neuroblastoma cells and fractionation of plasma with cold ethanol.'^' One antibody 
reacted with seven out of eight neuroblastoma cell lines tested.*^'' Preparations could 
be obtained that did not contain anti-HLA antibodies or cross-react with normal hu- 
man brain. Conjugation of either daunorubicin or chlorambucil was carried out 
using a water-soluble carbodiimide. A total of 3 to 4 mol of drug was incorporated per 
mole of Ig. SDS-PAGE showed polymers, but both daunorubicin and chlorambucil 
conjugates were reported to retain essentially full antineuroblastoma activity as deter- 
mined by membrane immunofluorescence.**' In a cytotoxicity assay using human neu- 
roblastoma cells exposed in vitro to a conjugated daunorubicin concentration of 20 ^g/ 
mi, the conjugate produced a 60^70 kill compared with 35% for a mixture of free drug 
and antibody.*** Two patients treated with daunorubicin conjugates showed good ini- 
tial responses, then relapsed and died at 3 and 8 months. Four remained alive and 
disease-free after 6 to 19 months of treatment. No drug side effects were observed.*** 
They later reported that 9 of 12 patients treated with conjugates of both daunorubicin 
and chlorambucil (30 mg IgG/kg, twice a week) showed marked ''antitumor re- 
sponses" with no detectable anti-idiotypic or antiallotypic antibodies or other blocking 
factors.**^ No toxic side effects were noted. A recent report from this group**' dealt 
with seven patients with advanced neuroblastoma treated following a protocol consist- 
ing of one conjugated chlorambucil (0.5 mg/kg) and two conjugated daunorubicin 
(1 mg/kg) injections per week for 1 year. Lower catecholamine levels were noted in 7 
out of 7 patients. Partial regression of tumors occurred in patients with stage IV dis- 
ease, while those with less than stage IV cancer had no evidence of disease after 3 years. 
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In a single patient with metastatic disease who had prior chemotherapy and surgery, 
treatment with conjugated chlorambucil alone and then with conjugated chlorambucil 
and daunorubicin led to initial regression of lesions followed by resumption of growth. 
The lack of therapeutic response was attributed to drug resistance since the antibody 
bound to tumor from the recurrent primary removed at operation. 

VII. MODE OF ACTION 



Although knowledge of the mode of action of anti-TAA antibody conjugated agents 
should contribute to the design of more effective conjugates, this area of investigation 
is only now accelerating; the focus hitherto has been on documenting cytotoxicity in 
vitro and in vivo. In investigating the mode of action, it is necessary to consider: (1) 
the antitumor effect of an antibody alone; (2) additive or synergistic effects of antibody 
and cytotoxic agent unlinked; and (3) alterations in the activity of an agent and in its 
pharmacokinetics as a result of linkage to antibody. 

A, Effect of Antibodies Alone on Tumor Growth In Vivo 

The experience of Ghose et al."° "^ and that of others^^^'^^^'"" shows that only a 
very small tumor load of 10^ to 10* cells can be eradicated by passive serotherapy with 
polyclonal anti-TAA antibody. Limitations of conventional antitumor sera include: (1) 
difficulty in raising amounts adequate for therapy; (2) relatively low titer due to re- 
peated absorptions with normal tissues for obtaining tumor specificity; and (3) persist- 
ence of nonspecific Ig. However, increasing numbers of reports are appearing on MAB 
serotherapy of experimental and human tumors, especially leukemia and lymphoma, 
as summarized by Ritz and Schlossman.**« Also, a number of phase I feasibility studies 
with MAB in human cancer have been listed by Dillman and Royston."' Ideally, anti- 
tumor MAB should react with the target tumor only, but so far, MAB that react with 
tumor as well as some normal cells (and are not significantly toxic to the recipient) 
have been the ones most used in human serotherapy. Treatment in humans involved 
different types of leukemias and lymphomas with MAB of different specificities and 
melanomas with MAB against P97, GD3, and a proteoglycan antigen. "'^-^'^ With re- 
spect to B-cell CLL, Dillman et al.^'" treated two CLL patients with MAB TlOl di- 
rected against a 65-kdalton protein expressed by normal and malignant T- and B-cells. 
Administration of the antibody resulted in rapid clearance of circulating leukemia 
cells, but they soon returned to pretreatment levels in both patients. Both had adverse 
reactions to the MAB infusion. On the other hand, Miller et al.,^^^ using a monoclonal 
anti-idiotypic antibody, induced a dramatic response without any acute or chronic tox- 
icity in a patient with B-cell lymphoma. ''Major tumor regression" occurred in 3 of 12 
melanoma patients treated with MAB R24 against GD3'" but in none of the 5 patients 
treated with the other two MAB."*^ However, generally the results of clinical trials of 
anti-TAA antibodies alone in cancer patients have been disappointing. It should be 
realized that antibodies themselves are not inherently cytotoxic and their binding to a 
target cell membrane does not affect growth except in rare instances. Possible mech- 
anisms by which they could produce tumor inhibition in vivo include complement (C)- 
mediated cytotoxicity, clearance by reticuloendothelial cells, and antibo.dy-dependent 
cell-mediated cytotoxicity."* Investigations into the mechanism of tumor inhibition by 
MAB have revealed that those of the IgG class inhibit tumor cells by C-dependent 
cytotoxicity and antibody-dependent cell-mediated cytotoxicity, whereas MAB of the 
IgM class inhibit tumors only by C-dependent cytotoxicity. IgM anti-TAA MAB have 
failed to show any effect on tumor growth in vivo.*'**^**' This suggests that C-dependent 
cytotoxic mechanisms do not contribute in a major way to tumor inhibition. This is 
consistent with our observations using conventional xenogenic sera."° In leukemia pa- 
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tients. administration of MAB is followed by a rapid fall in circulating leukemic cells 
due to their sequestration in the reticuloendothelial system. However, this reduction is 

only transient. ' . • * i j 

In summary, the results of serotherapy with anti-TAA MAB in experimental and 
human cancer show transient tumor suppression, a modest increase m survival, arid 
eradication of an individual tumor burden of approximately 10= cells. The magnitude 
of the clinical problem can be appreciated by the fact that the tumor burden is very 
high in patients refractory to standard therapy (e.g., 10- cells). In the patient described 
by Miller, the infusion of 1 mg of MAB removed approximately 2 x 10- tumor cells 
yet the influence on progression of the disease was negligible, i.e., the total turnor cell 
population recovered in 24 hr."^ It is. theref9re, essential to increase the cytodestruc- 
tive effect of anti-TAA antibodies, e.g., by their linkage to cytotoxic agents. 

B Additive or Synergistic Effects of Cytotoxic Agents and Antibodies Unlinked 

'synergistic tumor inhibitory effects of anti-TAA antibodies plus cancer chemother- 
apeutic agents have been demonstrated both in vitro"-" and in vivo.- Ghose et al. 
confirmed synergism with chlorambucil,""'" MTX,"* and Trenimon"Vm tumor-in- 
oculated mice. However, the full extent of tumor inhibition by cytotoxic agent-anti- 
TAA antibody conjugates cannot be explained entirely by synergism, • except that 
with the alkylating agent Trenimon there was no difference in the extent of tumor 
inhibition by Trenimon linked to anti-TAA antibody and equivalem amounts of the 
drug linked to a nonspecific IgG together with the anti-TAA antibody unlmked. 

Exposure of tumor cells to certain cancer chemotherapeutic agents or metabolic in- 
hibitors has been shown to inhibit the synthesis of complex cell surface lipids and 
render them more susceptible to antibody and complement."' If the toxic moiety m 
conjugates is surface active, then the agent and antibody may act additively or syner- 
gistically. Damage to the cell membrane by the conjugate or its components may a so 
facilitate entry into cells and allow access to intracellular targets. Potentiation of the 
antitumor effect of ionizing radiations by anti-TAA antibodies has been observed both 
in vitro"^ and in vivo.*" Ionizing radiations may also interfere with the permeabihty 
of plasma membranes.'" 

C. Alterations in the Action of an Agent and in Its Pharmacokinetics as a Result of 

Linkage to Antibody . , 

The therapeutic index is the critical factor in the application of antibody-conjuga ed 
agents. There may well be a decrease in drug activity in a conjugate compared to he 
free agent, but the systemic toxicity of that conjugate may be lower ^han that of the 
free drug, allowing a compensating higher dose of conjugated drug. Gallego et al. 
have emphasized that tumor-selective cytotoxicity in vivo is a more important param- 
eter than cytotoxicity in vitro. V v H ^,,t«tovir 
One approach to an insight into the mode of action of antibody-linked cytotoxic 
agents is to study and compare the effect of intact conjugates and their components 
(especially the cytotoxic entity): (1) at the molecular level by investigatmg ^nteractior, 
with putative target molecules of the agent in cell-free system, (2) at the cellular level 
by investigating effects of cells in culture, and (3) at the level of intact animals by 
investigating effects on tumor-bearing animals or cancer patients. In evaluating the 
mechanism of action on tumor cells in culture, factors that need ^^'^^''i^J,^^^^" 
(1) access of agents, free and conjugated, to target molecules, especially if these are 
intracellular; (2) the catabolism of conjugates and their c°"^P°f ^"^^ ^^"""^ ^y^^f;' ° 
target molecules; and (3) the removal (e.g.. efflux or otherwise) P^.^'--^<;°1^^^^^^^^^^^ 
active moieties from the target compartment. In intact animals additional con dera- 
tions include: (1) stability, especially the retention of agent and antibody activities m 
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conjugates while in the circulation; (2) factors that govern homing and catabolism 
during transit from the vascular to the extravascuiar compartment in solid tumors; and 
(3) alterations in the pharmacokinetics and systemic toxicity of agents as a result of 
conjugation. Although somewhat sketchy, information at these three levels is gradually 
emerging. In particular, conjugates containing MTX, adriamycin/daunorubicin, or 
chlorambucil and immunotoxins constructed with the A chain of ricin have been inves- 
tigated. 

1, Action at the Molecular Level 

Linkage of cytotoxic agents to Ig or other macromolecular carriers may either aug- 
ment or inhibit the effect of the agent on its target molecules. For example, linkage of 
chlorambucil to Ig inhibits its catabolism or transformation to inactive forms^^' and 
thus preserves alkylating activity, which is accepted as the basis of its cytotoxic action. 
On the other hand, there may be loss of activity of the agent during or after conjuga- 
tion due to various causes that include inappropriate reaction conditions leading to 
chemical damage of the agent, e.g., loss of activity of MTX during conjugation follow- 
ing the **mixed anhydride'* method^"** and steric hindrance. Ghose et al. observed that 
adriamycin conjugated to IgG or high molecular weight dextran does not bind to DNA 
in vitro. Intercalation into DNA is thought to be essential for the expression of the 
cytotoxic effect of these agents. The elegant studies of Trouet et al.,^^^ Monsigny et 
al.,^^® and Shen and Ryser^" have demonstrated that intralysosomal release of dauno- 
rubicin can restore the cytotoxic action of inert conjugates. Ghose et al. also demon- 
strated that MTX conjugated to IgG or its F(ab')2 moiety is only half as potent in 
inhibiting its target enzyme DHFR as the free drug.^'^'^"*^ In regard to immunotoxins, 
it has been demonstrated that intact diphtheria toxin or ricin inhibits protein synthesis 
in cell-free systems at least 1000-fold less effectively than the free A chains. Thus ly- 
sosomal cleavage of the A chain appears to be essential even though the mode of 
transport of the cleaved A chain to the cytosol is not well understood. Surpris- 
ingly, conjugates in which the A chain of ricin was linked to the F(ab) moiety of IgG 
were as effective inhibitors of protein synthesis in cell-free systems as the free A chain, 
irrespective of whether the linkage between the A chain and F(ab) was cleavable."* The 
difference in the behavior of B chain-linked and F(ab)-linked A chains of ricin in cell- 
free systems has been attributed to the inflexibility of the covalent and noncovalent 
bonds between A and B chains. It should be stated that antibody or other macromol- 
ecule-linked agents may exert their cytotoxic effect via mechanisms that are not usual 
or predominant with the free agent. Thus intracellular DNA is regarded as the principal 
target of alkylating agents like Trenimon and chlorambucil or intercalating agents Hke 
adriamycin and daunorubicin. However, all these agents are also surface active and 
conjugates containing them could damage cell membranes and be cytotoxic even in the 
absence of endocytosis.^'^**^^ 

2. Action on Target Cells In Vitro 

A large number of antibody conjugates have been produced and the specificity of 
their binding to target cells in vitro has been demonstrated.*'* However, on comparing 
the biological effectiveness of antibody-linked agents with that of the agent, free or 
linked to nonspecific Ig, two patterns of inhibition of target cells in vitro have been 
observed. In some experiments, the order of tumor inhibition has been free drug > 
drug linked to anti-TAA antibody > drug linked to nonspecific Ig. This pattern has 
been reported with Trenimon."^ "® MTX,^** purothionin,'***' adriamycin, *^'^** and vin- 
desine."*^* The other pattern of inhibition is antibody-linked agents > free drug > or = 
drug linked to nonspecific Ig, and has been observed with other drugs such as 
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chlorambucil''*- and with drugs in the first group but assayed by different methods on 
different cell lines, e.g., daunorubicin^**-^** "' and vindesine.^^° This observed differ- 
ence in the relative effectiveness of conjugates may be due to differences in the carrier 
antibody and its target antigen, the nature of the agent, especially its site of action and 
its transport characteristics, the method of linkage, the cell line used, and the method 
used for assaying tumor inhibition. For example, Embleton et al.^^* have observed that 
when the target cells were exposed to vindesine and its conjugates for 24 hr free drug 
was 2000 times more cytotoxic than the antibody conjugate; with shorter exposure the 
free drug was far less effective. For agents that need to be internalized to exert cyto- 
toxic effects, it is essential that the carrier antibody is capable of being endocytosed 
after binding to its receptor on the cell surface. Endocytosis can follow capping of the 
cell surface-bound antibody conjugate, although this may not be always so."^ 

For the construction of tumor-specific immunotoxins, it is essential either to cleave 
off or inhibit indiscriminate binding via the B chain to various nonmalignant cells. 
Since the target molecules of most of the protein toxins are intracellular, ^'^-^^^ binding 
of immunotoxins to the surface of target cells with subsequent endocytosis is a prereq- 
uisite for their cytotoxic action. It is, therefore, not surprising that most of the immu- 
notoxins without B chains show exquisite specificity of binding to tumor cells in vitro 
and the cytotoxic potency that is higher by several magnitudes than that of the free A 
chain or A chain linked to a nonspecific carrier. The latter two are endocytosed very 
poorly by most tumor lines in vitro. It should be stressed that irrespective of whether 
the activity of antibody conjugates exceeds that of the free drug, all agents have been 
rendered tumor specific after linkage to anti-TAA antibodies, i.e., antibody-linked 
agents have been shown to be more inhibitory towards target cells than towards non- 
target cells and more potent toward target cells than equivalent amounts of the agent 
linked to nonspecific Ig.^^'^^° 

The sequence of events following the binding of antibody conjugates to the surface 
of target cells in vitro and the path of uptake of antibody-linked chemotherapeutic 
agents have been elucidated by a number of elegant studies. Using appropriately la- 
beled daunorubicin and its conjugates, Arnon has observed that the order of rate of 
uptake and amount of drug taken up by cells and nuclei was free drug > drug bound 
directly to the antibody > drug bound to antibody via a dextran bridge > drug bound 
to nonspecific Ig."' As already stated, this drug needs to be cleaved off the carrier in 
lysosomes to be cytotoxic."^ "' It is possible that the slow release of the active drug 
from the inert intracellular conjugate constitutes an * 'intracellular depot" effect add- 
ing to the potency of the conjugated agent. 

Studies by Uadia et al.^'^'^°'**°^ have contributed to the understanding of the mech- 
anism of action of MTX-antibody conjugates. When mouse EL4 lymphoma cells were 
incubated in vitro, the rate at which the tumor cells took up MTX conjugated with an 
anti-TAA antibody was much slower than the rate of uptake of free MTX. However, 
as early as at 6 hr of incubation, the net uptake of conjugated MTX exceeded that of 
the free drug (or drug linked to nonspecific Ig). Furthermore, when human melanoma 
M21 cells were incubated in vitro with MTX, free or conjugated to several different 
anti-TAA antibodies, the amount of uptake of conjugated MTX corresponded to the 
amount bound at equilibrium at 0°C and the titer of the antibody. At 6 hr, more MTX 
was endocytosed when linked to antibodies than when linked to a nonspecific Ig or 
free. Furthermore, the efflux of conjugated MTX was much slower than that of free 
MTX, resulting in the maintenance of prolonged high intracellular levels of MTX. It 
had previously been demonstrated that more chlorambucil was taken up by EL4 cells 
in vitro when the drug was conjugated to an antibody than when conjugated to a 
nonspecific IgG.*^* These results show that more cancer chemotherapeutic agents are 
endocytosed by tumor cells when they are linked to an antibody than to a nonspecific 
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protein At least with MTX-antibody conjugates, the amount of drug taken up as the 
conjugate exceeds the uptake of the free drug. Some tumors such as the EL4 lymphoma 
cells show high endocytotic activity and can take up and retain higher amounts of MTX 
linked to nonspecific Ig than the free drug."' 

To elucidate the uptake of immunotoxins, FitzGerald et al.«' designed a study usmg 
KB cells and Pseudomonas exotoxin conjugated to an antitransferrin antibody. They 
demonstrated binding of the intact conjugate first to the cell surface with "clustering'' 
and then prominent localization in the coated pits. This was followed by the rapid 
transit of all the components of the conjugate to receptosomes. The uptake of the 
conjugate was inhibited by free antibody but not by the free toxin, confirmmg anti- 
body-mediated endocytosis. Using a ricin A chain immunotoxin adsorbed on colloidal 
gold particles, Carriere et al.*" observed internalization of conjugates via either coated 
pits or noncoated microinvaginations. Conjugates reached receptosomes of lymphoid 
cells within 15 min of incubation at 37°C and 50% of the intracellular immunotoxin 
reached lysosomes within 30 min. Apart from the ultrastructural studies on the uptake 
of immunotoxins, insight into their mechanism of action has been obtained from stud- 
ies of kinetics of cytotoxic action and on the observed potentiation of their action by 
lysosomotropic amines and carboxylic ionophores such as monensm.'" In a study on 
the kinetics of cytotoxicity produced by intact ricin and immunotoxins consisting of 
the A chain linked to antibodies against several cell surface antigens, it has been ob- 
served that there is usually a lag between exposure of cells to immunotoxins and the 
beginning of inhibition of protein synthesis. This suggests that immunotoxins must be 
processed after endocytosis to gain access to target enzymes in the cytosol."" It has 
already been stated that in cell-free systems, the activity of the A chain of protein 
toxins is lowered when it is linked to the B chain. Lysosomal processing and liberation 
of A chains from the toxin molecule is thus essential for the full expression of the 
cytotoxic potential of the A chain. This is consistent with the observation of Masuho 
et al."* that ricin A chain linked to F(ab) moieties by mercaptoethanol-susceptible 
bonds was more cytotoxic in culture than when linked via mercaptoethanol-resistant 
bonds. The released A chain may have greater access to the cytosol compartment. As 
already stated, the A chain linked to an F(ab) moiety was as effective in inhibiting 
protein synthesis in cell-free systems as the free A chain. This indicates that release of 
the A chain from the immunotoxin is not important at the ribosomal level, but the A 
chain must be directed to the ribosome after binding of the conjugates to the cell 
surface. In most in vitro studies, the rate of inhibition of protein synthesis in exposed 
cells was much slower with immunotoxins than with intact ricin. This would indicate 
that the B chain favors special receptors allowing rapid entry or that the B chain facil- 
itates the transport of the A chain into the cytosol compartment. The demonstration 
by Mcintosh et al.*" that the addition of free B chains potentiates the action of cell- 
bound antibody-ricin A chain conjugates (which by themselves were not effective), 
even when the B chain itself does not bind to the cell surface, suggests that a weak 
noncovalent linkage of the B chain to the cell-bound conjugate facilitates the internal- 
ization of the complex. The studies on the kinetics of action of immunotoxins further 
revealed that the rate of inhibition of the intracellular target enzymes depended upon 
the number of toxin molecules bound to the surface. The nature of the carrier moiety 
of the A chain that binds to the cell surface and of the receptors (i.e., antigen) on the 
cell surface is also important in determining the potency of conjugates. For example, 
immunotoxins constructed with IgG antibodies were more effective than those con- 
structed with IgM antibodies of identical specificity."^ Furthermore, A chains hnked 
to F(ab')2 moieties are more cytotoxic than those linked to F(ab)."* This may be due 
to greater ease of capping or other modes of internalization of the bound A chain. In 
none of these studies was there evidence that any significant amount of toxin'" or drug 
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moiety^^* *^' was cleaved off the cell-bound conjugate and then transported inside the 
cell using antibody-independent transport mechanisms. 

The potentiation of the action of immunotoxins by lysosomotropic amines and mo- 
nensin has also been of help in elucidating the mechanism of action. Their effectiveness 
may be based on either alteration of traffic between intracellular compartments allow- 
ing the A chain greater access to the cytosol or inhibition of degradation of the A chain 
in the lysosomal compartment."^ "^ The role of lysosomal processing in potentiating 
the action of conjugates appears to vary from one conjugate to another. It is possible 
that fully potent daunorubicin is released from relatively inert conjugates by lysosomal 
digestion. However, in the case of MTX, Ghose et al. failed to detect any catabolic 
fragment that is more active than the parent MTX-IgG conjugate."* With immunotox- 
ins, even after the release of A chain, it appears that there is the need for appropriate 
control of the intracellular traffic so that the free A chain gains access to the cytosol 
compartment."^ Prevention of excessive and inappropriate catabolism in the lysoso- 
mal compartment is obviously also important. 

3. Action In Vivo 

Tumor-selective localization of the carrier anti-TAA antibody is the basis of anti- 
body-targeted drug therapy. Specific accretion of anti-TAA antibodies, especially 
MAB and their reactive fragments, has now been demonstrated in many tumor-bearing 
animals and cancer patients (see above). However, there are only a few studies in which 
antibody-mediated tumor localization of the bound cytotoxic agents has been ade- 
quately investigated in vivo. The study of Uadia et al. with ascites EL4 lymphoma- 
bearing mice confirmed higher tumor uptake of an antibody conjugate in vivo.^°' For 
example, at 2 hr after administration, the uptake of MTX given as the antibody con- 
jugate was 2,5 times the uptake of MTX given as a nonspecific Ig conjugate and 6 
times the uptake of free MTX. MTX-conjugated to Ig, irrespective of specificity, was 
retained in all tissues including EL4 cells much longer than free MTX, and MTX con- 
jugated to anti-EL4 IgG was retained longest in the tumor cells. The levels of intracell- 
ular MTX after the administration of free or conjugated MTX exceeded the intracell- 
ular level of DHFR. Thus, the greater uptake of antibody-conjugated MTX and its 
prolonged retention by tumor cells in vivo could explain the therapeutic effectiveness 
of MTX-antibody conjugates in EL4 lymphoma-bearing mice.^"* More interestingly, 
the amounts of MTX taken up by EL4 cells in vitro correlated well with its uptake in 
vivo and with the therapeutic effectiveness of the test agents, i.e., antibody conjugate 
> nonspecific Ig conjugate > free drug. The therapeutic effectiveness of the test agents 
in melanoma xenograft-bearing nude mice also followed the order of in vitro uptake 
of MTX, free or conjugated. In a previous study, Ghose et al. demonstrated tumor- 
selective localization of these antibodies in human melanoma xenograft-bearing nude 
mice.*^' 

These and other studies"" on the distribution of cytotoxic agent-antibody conjugates 
in vivo have demonstrated that linkage of agents to macromolecular carriers alters their 
pharmacokinetics. As already stated, in EL4 lymphoma-bearing mice, Ig-conjugated 
MTX was cleared slowly and persisted in all tissues including blood, whereas free MTX 
declined rapidly after reaching peak levels at 1 hr. If the conjugated agent is active, 
such prolonged elevated levels of the conjugate in normal tissues (and tumor) may 
account for the increase in nonspecific cytocidal effect in vivo (i.e., increased systemic 
toxicity) observed with MTX-containing conjugates. Furthermore, prolonged slow re- 
lease of the agent from the conjugate can also add to its cytotoxicity, especially if the 
released agent is more potent than the parent conjugate (i.e., the so-called depot ef- 
fect). Tumor cells that have high rates of endocytosis of serum proteins""* are likely to 
be selectively damaged by such nonspecific conjugates. However, linkage of other 



332 



CRC Critical Reviews in Therapeutic Drug Carrier Systems 



agents to Ig has led to a reduction in their systemic toxicity, e.g., Trenimon,"^ adria- 
mycin,*^ and daunorubicin.*^' The reasons for the reduction in the systemic toxicity of 
conjugated adriamycin or daunorubicin would include the inability of the parent con- 
jugate to bind to DNA and the necessity for lysosomal processing for potentiation. 
Also, altered physicochemical properties (e.g., hydrophobicity) of the conjugate may 
prevent access of the conjugated drug to target molecules in myocardial cells, the sus- 
ceptibility of which limits the dose of these drugs. It is also possible that the rate and 
extent of activation of conjugated adriamycin/daunorubicin is lower in myocardial 
cells. The reduction in the systemic toxicity of conjugated Trenimon is not due to the 
reduction in its alkylating activity because free Trenimon is more potent in vitro than 
equivalent amounts of Ig-linked active Trenimon, i.e., Trenimon retaining equivalent 
amounts of alkylating activity which is the basis of its cytotoxic action. Ghose et 
al.^^^ and Linford and Froese^^® have observed that Ig-bound, Trenimon is not endo- 
cytosed in vitro. This may explain the relative lack of a cytotoxic effect of the conju- 
gate in vitro and its low systemic toxicity. In any case, reduction in the systemic toxicity 
of these agents in conjugate form allows their administration in higher doses^*^'^^^ "^ 
that can cause tumor inhibition by the stipulated or alternate mechanisms of action 
(e.g., membrane damage). 

In studying the mechanisms of action of antibody conjugates in vivo, one should 
also consider other factors that determine the ability of the conjugates to home to 
tumor cells so that they can exert their effect on or inside the target cells. These include 
stability of the conjugates in circulating blood, their rate of clearance, and retention 
of antibody activity in the carrier moiety. The factors that determine the clearance of 
carrier antibodies have already been discussed (see above). The results of a recent 
study^'*^ on the pharmacokinetics of an immunotoxin in rabbits are in agreement with 
those of Uadia et al.^'* in EL4 lymphoma-bearing mice. These studies show that anti- 
body conjugates are fairly stable in circulation and retain both drug and antibody 
activities and their initial half-life in circulation isX^irly long. The factors that deter- 
mine tumor-selective localization of antibody conjugates will include: (1) the size and 
charge of the conjugate; (2) its capacity to cross capillary walls; (3) its rate of diffusion 
and susceptibility to degradation in the tissue space; (4) the presence or otherwise of 
the Fc moiety of Ig and the B chain of toxins; (5) the specificity of the carrier antibody; 
(6) the presence in the circulation of TAA, competing antibodies, and immune com- 
plexes; and (7) tumor vascularity. These have been discussed previously. Vascular 
changes in tumors, e.g., large numbers of newly formed vessels, associated increased 
vascular permeability, and impaired drainage, may also allow intratumoral localization 
of conjugates in amounts higher than in normal tissues. This may explain the antitu- 
mor effect of agents linked to nonspecific Ig and of daunorubicin-antifibrinogen anti- 
body observed by Lee et al.'**^ 

When one considers the alterations in the pharmacokinetic properties of agents when 
linked to Ig and the factors that determine the transport of active conjugates from the 
vascular compartment to the milieu of cells in solid tumors, it is not surprising that 
there are wide discrepancies between the potency of conjugates on cells in vitro and in 
vivo. For example, with Trenimon, MTX, and adriamycin, the conjugates were con- 
sistently less potent than equivalent amounts of free drugs in vitro. In contrast, in 
tumor-bearing mice, conjugates were by far the most effective. Even nonspecific Ig 
conjugates, which were usually least effective in vitro, were more potent than the free 
drug in vivo. The factors that contribute to the effectiveness of nonspecific Ig-bound 
agents include: (1) protection of drug activity; (2) altered pharmacokinetics, i.e., pro- 
longed serum and tissue half-life; (3) the *'depot" effect; and (4) increased endocytosis 
of conjugates by tumor cells. It is interesting that the potency of conjugates in vivo 
correlates better with net uptake of the agent in vitro. Arnon,"' Arnon and Sela," 
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and Linford and Froese"^ have also noticed the discrepancy between the in vitro and 
in vivo potency, which is best illustrated by immunotoxins. Although most eradicate 
tumor cells very selectively and effectively in vitro/^*^*° only in a few studies were they 
effective in vivo.^''*"*-^"** Interestingly, these were not **solid" tumors. 

VIII. PROSPECTS FOR THE FUTURE 

Various agents, from radioisotopes to proteins, have been conjugated to antibodies 
against widely differing antigens and the conjugates tested for cytotoxicity using ex- 
perimental systems ranging from simple cell cultures to models in which human tumors 
have been xenografted in nude mice and occasionally in patients with advanced cancer. 
Results in vivo have varied from marginally significant inhibition of tumor growth, to 
prolongation of survival, to cure of a proportion of the treated animals. *^'^'*^*°-^*' One 
may ask: how close are investigators to effective clinical treatment modalities using 
targeting by antibodies? In this respect, the diagnostic application of antibody locali- 
zation is substantially ahead of any treatment modahty/^' For many years, the only 
clinical trial of drug-linked antibodies in the literature was that reported by Ghose et 
al."* The therapeutic application of radiolabeled antibodies in patients was also inves- 
tigated by only two groups. This shows that the concept of antibody-mediated 
drug targeting is straightforward, but its realization has turned out to be difficult. 
However, the availability of MAB and the recent success in the use of antibody-linked 
toxins to eliminate tumor cells from bone marrow have given renewed impetus to in- 
vestigation. This discussion of the limitations of cancer treatment with antibody-tar- 
geted agents and the possible approaches for overcoming some of them should make 
it clear that in spite of the recent surge of activity in this field there has to be substantial 
progress in all the components of this approach to cancer therapy before its application 
to patients. For example, it will be useful to study the TAA profile of various human 
tumors and document the biological role of the TAA and their behavior in regard to 
modulation, capping, and endocytosis. An accessible and updated data base on avail- 
able anti-TAA antibodies and their target TAA will be of help. 

The species of origin of a MAB, its class, and subclass may determine effectiveness 
as a carrier and its immunogenicity and should therefore be documented. It is possible 
that with time there will be increasing numbers of anti-TAA MAB that have high 
affinity and adequate tumor specificity. Absolute tumor specificity may neither be 
achievable nor necessary. It is possible now to isolate the genes that encode for a given 
MAB and introduce them back into lymphoid or mouse myeloma cells. Using 
plasmids containing Ig cDNA, coexpression of the light and heavy chains of human Ig 
has been observed in £. coi/,*" and the synthesis, processing, and secretion of func- 
tional antibodies have been demonstrated with the yeast, Saccharomyces cervisiae^^^ 
In addition to the coding sequences for Ig chains, the mammalian transcription units 
that have been transfected include genes that allow bacterial selection (e.g., neomycin- 
resistant gene) and viral or mammalian promoter, splice, and polyadenylation sites. 
Furthermore, oncogenic DNA viruses (e.g., SV 40 and Epstein Barr virus"' and defec- 
tive retroviruses"* **^ have been used successfully to insert genes into human B-lym- 
phocytes and bone marrow cells. It should be stated that at present the yield of func- 
tionally active Ig from these expression systems is very poor for reasons that include 
the lack of appropriate association between light and heavy chains and adequate post- 
translational glycosylation and secretion. 

DNA recombinant technology has also made possible the construction of chimeric 
antibody molecules that contain mouse or rat variable regions having a defined speci- 
ficity and high affinity and human constant regions that could reduce Fc-related anti- 
genicity and confer therapeutically useful functions such as binding to CIQ or Fc re- 
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ceptors on certain cell types."**'*' Furthermore, chain switch in Ig can be achieved 
using a number of methods*^^'*'" including UV irradiation. This is especially impor- 
tant in the context of MAB of human origin, most of which appear to be of the IgM 
class.*" Methods are also becoming available for the production of myeloma transfec- 
tants that secrete F(ab')2 or monovalent Ig fragments either completely lacking the Fc 
moiety*** or in which the CH2 and CH3 domains are substituted by an enzyme 
moiety.**^ Recombinant DNA technology is thus likely to complement the current hy- 
bridoma or B-cell immortalization methodology for the production of anti-TAA MAB 
for targeting. For example, recombinant technology and methods of site-directed mu- 
tagenesis can be used to improve the affinity and other therapeutically desirable qual- 
ities of human MAB*" that have been obtained initially with the use of either lympho- 
cytes that have been antigen-primed in vitro*** or in vivo (e.g., lymphocytes in tumors 
or in draining lymph nodes). Genetic engineering is also likely to provide in the not far 
distant future tailored antibody molecules with appropriate polypeptide chains for op- 
timal conjugation to a given protein toxin or a chemotherapeutic agent. This will in- 
clude hybrid antibody molecules (already constructed by chemical methods^'") that 
have one arm of the IgG directed against the TAA and the other against the protein 
toxin. It may also be possible to obtain homogeneous populations of molecules that 
contain the functionally active antigen-binding site of the Ig optimally linked to the 
toxophore group of a protein toxin or biological products with antitumor activity, e.g., 
tumor necrosis factor, the gene for which has already been cloned and expression ob- 
served in E. co7i.**' In contrast to conventionally produced MAB that are products of 
malignant cells, products of transfectomas are more likely to be free of contaminating 
oncogenic viruses and nucleic acids. 

A number of approaches are possible for production of more effective conjugates 
and for amplification of their antitumor effects. For example, one can select active 
analogs of chemotherapeutic agents that have a high influx Km, e.g., the gamma as- 
paratate derivative of MTX which has a Km for influx into LI210 cells exceeding 300 
piM compared to 3.3 piMfor MTX.*'° This will minimize uptake of the agent by non- 
target cells, as in the case of immunotoxins that contain only A chains. The choice of 
cytotoxic agent will also depend upon the nature of the TAA, the antibody, the suscep- 
tibility of the tumor cells, tumor vascularity, and tumor cell heterogeneity. For anti- 
TAA antibodies and their fragments such as F(ab) that are not endocytosed, surface 
active agents and radionuclides should be the agent of choice. For tumors that are 
relatively avascular or contain antigen-negative tumor cell populations, radionuclides 
are likely to be more effective than other agents since their tumoricidal effect can 
extend to neighboring cells. 

The choice of the method of conjugation is based presently on the preservation of 
agent and antibody activities. Better insight into the mechanism of action of conju- 
gated agents, their pharmacokinetics, and their catabolism should allow selection of 
bonds that are optimal for the effectiveness of the conjugate. Methods need to be 
devised to prevent the premature dissociation of the carrier antibody and the toxophore 
and facilitate direct transit of the toxophore to its target molecules in vivo. Regiospe- 
cific and pH-sensitive linkages are becoming available and may be of help.*^' 

Although the use of a ''cocktail" of antibodies has not been very impressive m 
increasing tumor localization of antibodies,*'^ there is evidence that mixtures of ricm- 
containing immunotoxins against three different T-cell antigens were more effective m 
inhibiting T-cells in vitro than any single immunotoxin.*°^ Furthermore, there may be 
an increase in the selectivity and the extent of damage with the use of bacterial protem 
toxins that act cooperatively on mammalian cell membranes.*" Another approach for 
amplifying the effect of antibody conjugates is illustrated by the synergistic action of 
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Pseudomonas exotoxin antibody conjugates and adenovirus'**®-*''* or ricin-containing 
immunotoxins against neoplastic T-cells and in vitro active congeners of cyclo- 
phosphamide*'* and other cancer chemotherapeutic agents.*'*""^ The use of lysosom- 
otropic agents and ionophores that potentiate the effects of conjugates has been dis- 
cussed. ^'^*'*"''^**'*"'*'^ Furthermore, the use of biological response modifiers may in- 
duce the expression of TAA*'^ and vasodilators may improve tumor perfusion." 

Another approach will be combination immunochemotherapy. For many cancers, 
multiple agents are more effective than a single agent. One may render antibody-linked 
agents more effective by combining more than one free or conjugated drug (including 
radionuclides). To illustrate, let drugs be designated by A or B and antibodies by X or 
Y, such that conjugates are A-X, B-Y, A-X-B, etc. One approach is to increase the 
intracellular* concentration of a given drug by exposure to both free and antibody- 
linked agents so that the drug is internalized by receptors for the antibody and for the 
drug, e.g., A plus A-X. A variation would be to use A plus B-X, which would show 
whether the best inhibition is obtained by an increased concentration of a given drug 
or by two different drugs having different modes of action, e.g., chlorambucil and 
MTX. Another approach would use two or more conjugates made with one agent by 
linking to antibody directed against different epitopes that cap and endocytose inde- 
pendently, e.g., A-X plus A-Y. A third approach is a form of combination therapy 
directed by antibodies. One can link two or more different drugs to a given antibody 
molecule, e.g., A-X-B, or use a mixture of two conjugates in which different drugs 
have been linked to separate batches of the same antibody, e.g., A-X plus B-X. Limi- 
tations arising from the availability of binding sites for X may be overcome if A and B 
are linked to antibodies against different epitopes, e.g., A-X plus B-Y. 

The effectiveness of antibody-linked agents can be further increased by combination 
with one or more additional modalities of treatment. It has already been pointed out 
that antibody conjugates are likely to be most effective against tumor microemboli or 
cells in circulation and therefore it is essential to reduce the tumor burden by surgery 
and/or radiation. Furthermore, it is possible that exposure to hyperthermia and/or 
ionizing radiations (either from an external source or appropriate radionuclides linked 
to the carrier antibody) may have a complementary or synergistic effect. In the au- 
thors' laboratory, it has been observed that exposure to MTX and hyperthermia have 
additive inhibitory effects on several human tumor cell lines in vitro. Interestingly, 
MTX arrests cells in the S phase in which they are susceptible to hyperthermia. Thus, 
local or whole body hyperthermia may be a useful adjunct to immunochemotherapy. 
Further potentiation of the combined effect of immunochemotherapy and hyperther- 
mia may be possible by linkage to the carrier antibody of appropriate metals that, 
during magnetic induction heating, have much higher energy absorption than body 
tissues as well as high thermal conduction properties.*'' 

The problems, although formidable, are not insurmountable, especially if this mo- 
dality of treatment is used for the eradication of those tumor cells in circulation or 
microemboli that escape and therefore limit the effectiveness of other methods of can- 
cer treatment. 
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